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FOREWED 


The work described in this report is a part of the Parametric Study of 
Prospective Early Commercial MHD Power Plants (PSPEC) sponsored by the 
MHD Division of the U.S. Department of Energy (DOE) and directed by the Lewis 
Research Center of the National Aeronautics and Space Adad.nlstration 
(NASA LeRC) . 


This General Electric Contractor report covers Task I of the study, which 

wau parametric analysis. The prime contract was with General Electric's Space 

Sciences Laboratory, MHD Programs Section. Members of the technical staff of 

that and the following organizations participated in this study. 

Bechtel National, Inc.: Balance of Plant and Costing 

Foster Wheeler Development Corp.: Chemically Active Fluidized Bed 

Combustor 


General Electric Energy Systems 
Products Department: 

Hooker Chemical Co . : 


Superconducting Magnet Evaluation 
Seed Reprocessing Evaluation 


This Genera' Electric contractor report covers one of two parallel 
studies. AVCO Everett Research Laboratory, Inc. was the other prime 
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SECTION 1 
INTRODUCTION 


SECTION 1 
INTRODUCTION 


1.1 BACKGROUND 

Results for Open C]rcle MHD from The Enexgy Converston Altemattves Stud|]r (ECAS)^* ^ 
did mndi to encourage a development progr a m leading to large scale, commercial, coal fired, 
OCMHD topping/steam bottoming power plants. Sobseqoent studies of the Engineering Test 
Facility (ETF)S*7t 8 axe providing ocnoeptiial designs of an intermediate sise plant to demon- 
strate engineeiing feasibility and tedmofogical readiness and to provide data for soalenq) to 
a commercial plant. 

These studies are typical of the two igipxoaohes needed to identify the most promising MHD 
power plant systems from the standpoints of fuel efficienoy and cost effectiveness and to pro- 
vide reasonable assurance that components can be developed wife the requisite performance, 
durability and reliability. These two approaches are: 

1. Tod Down - For an array of possible systenu, examined under a uniform set 
of basic assunoptions and ground rules, vdiat performance and coats can be 
eoqpected, and what is required of eadi system's oonqponents and subsystems? 

How can tystem performance be inqtroved? 

2. Bottom Up - How would one design an MHD i^ant vhioh could be built with 
present or foreseeable materials, tooling aid construction tedudqnes, 
always keying in mind the effects on other parts of the tystem of a particular 
desi^ choice within a cxmgMoent or sifosystem? 

The first spproach, typified by EGAS, provides an identification of ^^stems with promise, 
of qjwcdfic problems or limitations vhfoh must be overcome in otherwise promising systems, 
and of apparently fundamcmtal limitations which may rule out some ^sterns. The identifica- 
tion of an MHD power plant as 'promising" must of course be made in a broader context 
ftan that looked at in a particular study. OCMHD must conqpete with existing systems vhich 
have the twin advantage of many years of development and an established performance record 
as well as with other proposed systems ranging from modest advances in existing steam, 
gas turbine and combustion tedmcflogy to fusicm reactors and satellite solar power plants. 

The second ippxoach, typified by ETF, provides Insight into system interactions, specific 
destyn problems, and deficiencies in data, materials or techniques which are not brought out 
in a top down stc^. The results of both must be subject to continuing review in the light of 
new insls^its, new develqinnents and a better ippreciation of the impact of assumptions and 
ground rules. 


1 
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This Parametric Stodljr <A Potential Eariy Commercial MHD Power Plants (PSPEC) is an 
appropriate &>Uow-'iq> to EGAS and ETF. As a new '*top down'* study it had the benefit of: 

1. A better appreciatioa of the impact oi parametric chcdces and their interrelation. 

2. A better appreciation of system and conqxnent design constraints 
pins design data at ETF sisa for soalenip. 

3. Improved analytioal tools for system and oomponent performance 
prediction. 

1.2 SCOPE 

The focns of PSPEC Task I has been on parametric examination of perfoimanoe and cost of 
moderate technology coal fired OCMHD/steam power plant designs which can be e^q)ected to 
require a shorter development time and have a lower development cost than the directly fired 
air heater system which wras the culmination of the EGAS effort. 

Three base oases were considered in PSPEC as indi c a t ed in Table 1.2*1. For each of these 
base oases a reference case aiid a series of parametric oases were defined. For most of 
die parametric oases a sln^e major parameter was varied (e.g. , combustor type, coal type, 
magnetic fields, but scmie other variables were also adjusted (e.g. , combustor pressure, 
radiant fiimace duty) for opdmnm performance. More conqilete specifications for the cases 
are given in Seotl<m 1. 5, system results axe presented in Section 2 and details of subsystems 
axe in Section 3. 

1.3 DEFDgnONS ANTJ REFERENCE CONDITIONS 

The definitions in Table 1. 3-1 are used throu^ioat the study. 


Table 1.3-1. Definitions 


FLOW TRAIN THERMAL POWER: 

COAL HHV PLUS COAL, SEED 
AND OXIDIZER SENSIBLE 
HEAT TO MAIN FLOW TRAIN 

OXTGEN ENRICHMENT: 

KG PURE O 2 ADDED PER 100 
KG OF MOIST AIR 

REFERENCE ENTHALPY: 

HEAT OF FORMATION AT 298K 
(77F) OF FUEL, SEED AND 
OXIDIZER TO THE COMBUSTOR 

FUEL MOISTURE RATIO (FMR): 

KG WATER PER 100 KG DRY 
COAL 
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Tame 1.2-1. Case Overview 


BASE CASE 1 

2700 F AIR PREHEAT, A'njOSPHSRIC PRESSURE GASmER FOR HTAH 


ITEM 

REFERENCE 

VARIATION 

COAL 

MR 

16 

OXIDIZER 

AIR + lOZ 0, 

2 STAGE CYCLONE 

AIR 

MHD COMBUSTOR 

1 STAGE VORTEX 

B FIELD 

(6-5) TESLA 

(7-6) TESLA 


BASE CASE 2 


CCmni: 3000 F AIR PREHEAT 


SIZE (N(»aNAL) 

COAL 

AIR HTR COMBUSTOR 

AIR HEATER INLET TEMP 

MHD C(»1BUST0R 

B FIELD 

MHD FLOW 

MHD FLOW TRAIN 


REFERENCE 

1200 MWe 
MR 

2-STAGE, PRESS 
600 F 
1-STAGE 
(6-5) TESLA 
SUBSONIC 
SINGLE 


VARIATION (S) 

900 (fife, 600 MWe 
16 * 

1-STAGE, CAPFB, ATM PRESS 
1300 F. 

s3pMB , 2-STAGE 


(8-7) T, E 
SUPERSC»IIC 
DUAL 


2-STAGE 

CONSTANT 


BASE CASE 3 


COMMON: NO HTAH, AIR + 40Z O 2 


REFERENCE 


VARIATION 


COAL 
PREHEAT 
MHD COMBUSTOR 
B FIELD 


MR 

1300 F 
1-STAGE 
(6-5) TESLA 


16 

1100 F 
2-STAGE 
(8-7) TESLA 


CHEMICALLY ACTIVE PRESSURIZED FLUIDIZED BED 

SPLIT STREAM SLAGGING PRESSURIZED MOVING BED GASIFIER 








'Flow train themuQ power as defined in Table 1. 3>1 is useful in oalculatioa of channel perfor- 
manee because it fixes channel size, ind^>endent of udwtber file air heaters, if any, are directly 
or indirecfiy fired. The definitton does not include losses in an indirectly fired air heater sys- 
tern but these are, of course, included in calculations of ooal-idle>to4]us>bar e f ft oie noy. 

Qxsrgen enrichment can be expressed in several wayc but the definition shown in Table 1. 3-1 
was file most useful one for our equilibrium analysis. Figure 1. 3-1 provides conversian to 
O % by weiidit and volume and to N /O ratio. 

Beforence enthalpy is the standard definitioo, consistent with JANAF thermoohemical proper- 
ties. For purposes of oonqiutisg congiressor wortc and heat rejection, file ambient tengierature 
was assumed to be 59 F, however, all energy and condnistlon calculations are on file basis of 
the 77 F (25 C) standard reference temperature. 

1.4 COAL AND AIR COMPOSITION 

Mcmtana Bosebud (MB) and Illinois #6 (16) coals were specified for PSPEC. Montana Bosebud 
was used for aU three reference cases. Conposition for fiiese coals is given in Tables 1. 4-1 
and 1. 4-2 and is consistent with specifications used for ETF. Some additional properties 
shown in the tables have been assumed on the basis of data in Beference 9 and 10. The 'as 
received* fuel moisture ratios (FMR = Kg Fuel H )/l00 Kg Dry Coal) were 29. 37 for MR and 
9. 77 for 16. Except for some gasifier cases, cou to the main combustor was dried to a 
FMR of 5 and 2 for MR and 16 respectively. These fuel moisture levels were assumed to be 
the nominal water cmitect limits for conventianal coal drying wifiiout loss of coal beating 
value from coal devolatilizafion. 

Air compositi<m and properties are given in Table 1. 4-3. Sanq;de Mollier Charts for products 
of combustion are included in Section 1. 6. 

Table 1. 4-3. Air Composition and Properties 


Beference Temperature 

Ambient Pressure 

Humiditv 

77 F 

14. 7 psi 

0. 65 X 45 HgO per 100 Kg Dry Air 

Comnonent 

m 



23.49 


Dry Air CO^ 

0.046 


Composition A 

1.286 


''2 

75. 519 





Table 1. 4-1. Coal Analysis, Montana Rosebud Coal 


SAMPLE DESCRIPTION: Montana Rosebud Coal 

(Specified for PSPEC) 


Subbit B 


TOTAL >«DISTURE (AS REC’D) X22.7 

AIR DRY MOISTURE LOSS Z12.7 

EQUILIBRIUM MOISTURE X 

PROXIMATE ANALYSIS 


As Rac'd 

Dry 

Z Fixed Carbon 

39.2 

50.7 

Z Volatile Matter 

29.4 

38.0 

Z Ash 

8.7 

11.3 

Z Moisture 

22.7 

— 

TOTAL 

100.0 

100.0 

ULTIMATE ANALYSIS 


d.a. f 

Ac Rcc ' d 

w.. 

_JL£ 

76.01 

52.10 

67.4 

X H 

5.08 

3.48 

4 . 5 

Z 0 

16.52 

11.32 

14.65 

Z N 

1.15 

0.79 

1.02 

X S 

1.24 

05~ 

rn^ 

X Ash 

— 

or~ 

11.33 

X Moisture 

— 


— 

t ct 

— 

— 

— 

TOTAL 

100.0 

100.0 

100.0 


SULFUR COMPOUNDS 


As Rec'd 

Dry 

Sulfate 



Pyritic 



Organic 



ASH FUSION TEMPERATURE, °F 


Red Atm. 

■ \ 

Oxld. Atm. 

Initial Deform. 

2190 


Soft Temp. Sph. 

2230 


Soft Temp. Hem. 



Fluid Temp. 

2280 



REACTIVITY 

Reactivity Index 
Energy of Activation 


Specific Gravity 


HARDGROVE INDEX 

50 

FREE SVJELLING INDEX 

1 


DEPOSITS OR ASHES 
Z vrr OF DEPOSIT 


cal^C 
g nol 


H.H.V. 

As Rec'd 

L . _ 

8,936 

BTU/lb. 

Dry 

11,560 


S 102 


^2°5 

AI 2 O 3 

17.3 

CaO 

F6203 

—U- 

MgO 

Ti 02 


Na 20 


. 0.4 

K 2 O 0.5 

11.0 

iL.1 

-6 

4.0 

Cl 10 ° 


_3J 

Other 2.8 




Table 1. 4-2. Coal Analysis, Illinois #6 Coal 


SAMPLE DESCRIPTION! 


Illinois #6 Cosl 
(Spsclflsd for PSPEC) 


hvCb 


TOTAL MOISTURE (AS REC’D) X8.9 

AIR DRY MOISTURE LOSS X^-9 

EQUILIBRIUM MOISTURE X 

PROXIMATE ANALYSIS 


As Rec'd 

Dry 

X Fixed Carbon 

41.7 

45.8 

X Volatile Matter 

38.0 

41.7 

X Ash 

11.4 

12.5 

X Moisture 

8.9 

1 

1 

TOTAL 

100.0 

100.0 

ULTIMATE ANALYSIS 

d. a. f 

As Rac'd 

Hry 

_2_C 78.29 

62.40 

68.50 


01 

■BBsSi 

fxo 10.53 

09 

mmmM 

HOHHMBBai 

0(5 

■KB21 

XS 4.14 

3739 

mmim 

i Ash II 

11.40 

sayui 

X Moisture — 

8.90 


X a 


— 

TOTAL ICO.O 

100. 0 

BUSflSH 


DEPOSITS OR ASHES 
t WT OF DEPOSIT 
SIO2 41.4 
AI2O3 19.3 
F«203 

TIO2 0.9 


SULFUR COMPOUNDS 


As Rsc'd 

Dry 

Sulfate 



Pyrltlc 



Organic 



ASH FUSION TEMPERATURE, °F 


Red Atm. 


Initial Deform. 

I960 


Soft Temp. Sph. 

2030 


Soft Temp. Hem. 



Fluid Temp. 

2260 



mwivm 

Rsacclvlty Indsx 
Eusrgy of ActlvsClon 


csl°C 
I mol 


H/B.V. 



BTU/lb. 

Dry 

11,269 






Specific Gravity 


HARDGROVE INDEX 

60 

FREE SWELLING INDEX 

6.0 


^2^5 AJJ 
CaO 5.4 

MgO 0,30 

Na20 0. 6 


^2° ^ 

Cl jjLf 
Other o.a 
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1.5 RATIONALE FOR CASE 8E3U:C*nON 


Tables 1.5-1, 1.5-2 and 1.5-3 show, for Ba?:> Cases 1, 2 and 3, respectively, th ‘3 major 
features of die reference cases, and parametric variations studied for each, sdong with the 
principal design parameters. Note that neither operating pressure nor loading parameter are 
given for the MHD generator. These are d *'Ttined as a result of generator/combustor 
optimization within the constraints speoifie 

Base Case 1 was restricted to a state-of-the-art gasifier and a High Temperature Air Heater 
(HTAH) system delivering 2700 F and was important to demonstrate what (»uld be done w^th 
such a system. However, it was dear at the outset that efficiency would be relatively low. 
Parametric variations were therefore limited to changes in coal type, oxidizer, MHD com- 
bustor and magnetic field strength. The latter was restricted to a maximiun of 7 Tesla because 
that was judged the maximum feasible with current niobium-titanium superconchictor tedmology. 

Base Case 2, with an HTAH system delivering 3000 F air, was elected to yield the best 
effidency and was therefore the Base Case for which several different system arrangements, 
sizes, and MHD generator configurations were considered, as weU as variations analogous to 
those in Base Case 1. Some combinations of two or more variations were considered, but 
the cases were construcited so that the effect of any single variation could be directly evaluated. 

In keeping with the somewhat more advanced technology implicit in Base Case 2, several ^es 
of variations were also considered to evaluate the potential gains and/or costs to be e^qpected 
in areas requiring substantial devdcqpment. For exanq>le, cesium seed was assumed in Case 
2. 5. Suffident raw material in toe form of poUudte and other cesium ores exist but, in the 
absence of any significant market, cesium salts are not mariceted in quantity. Similarly, an 
8T magnetic field was assumed for Case 2.7, recognizing that structural requirements are 
mucto more severe and that niobium-tin or some as yet undiscovered superconductor would 
be reejuired. The required case in which NASA, LeRC specified MHD generator performanco 
was also included in Base Case 2. This was done in close cooperation with them and subse- 
ejuent recalculation using NASA specifications with toe GE codes chq>licated their MHD generator 
output within 0. 2%. 

Because most of the e:q;>loratory woric was (tone in Base Case 2, Base Casc^ 3, with O enrich- 
ment but with no HTAH, was limited to a few basic variations, as indicated in Table r. 5-3. 

Two areas of plant ctosign which impact overall system efficiency were held essentially con- 
stant in this stuity. These areas are the heat recovery/ seed recovery (HRSR) subsystem and 
the steam cycle. The HRSR subsystem is a moderate-slag carryover, indirectly-fired HTAH 
concopt similar to that proposed by Combustlcm Engineering for the AVCO/C-E ETF*^. The 
steam stibsystem is a siqorcriticsd 1000 F/1000 F/3500 psia cycle, with a feedwater heater 
train that incorporates a low temperature economizer and the MHD channel cooling. 

1.6 OVERVIEW OF ANALYTICAL PROCEDURE 

For each reference case and for several alternative system configurations in Base Case 2, an 
interactive systems code, designated CKISYS, was used to generate a complete system balance. 
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Table 1. 5-1. Case list Base Case 1 















Therjial power to MlID cowbustor 








































TaUe 1.5-8. Case liat Bate Case 3 













Other cases were then treated as perturbations from one of these detailed runs by adjusting 
the energy flows. 

Inputs and outputs for code OCSYS are summarized in Table 1. 6-1. The combustor and MHD 
generator analyses were treated separately as detailed In Section 3. In brief, the optimum 
net MHD generator power* and combustor operating pressure were determined for qwolfled 
generator exit pressure, nu^poetic field distribution (or electrical stress). Hall voltage limit 
and entrance and exit Mach number. As described in Section 3. 3. 1, scaling equations for com- 
bustor heat loss as a luv 43 tion of pressure, temperature and mass flow rate were used to 
obviate the need for iteration between generator and combustor analysis. 

Table 1. 6-1. OCSYS System Coda I/O 


INPUTS 

e MOLUER CHARTS FOR PLASMA PROPERTIES (AS GENERATED FOR MHD GENERATOR 
ANALYSIS PLUS SUPPLEMENTS FOR LOW TEMPERATURE AND FOR HTAH SUBSYSTEM) 

e INPUT MASS FLOW RATE AND ENERGY TO THE MHD COMBUSTOR 

e MHD GENERATOR INLET STATE AND OUTPUT POWER 

e THERMAL TRANSFER IN MHD FLOW TRAIN (MAIN COMBUSTOR THROUGH DIFFUSER) 

e SPECIFIED DUTIES OR TEMPERATURE RANGES FOR HRSR COMP(»(ENTS 

e DATA FOR STEAM PLANT MODEL AS DESCRIBED IN REFERENCE 11 

e MISCELLANEOUS COMPONENT EFilCIENCZES 
(E.G., INVERTERS, PUMPS, COMPRESSORS) 

e LOSSES TO AMBIENT AS PERCENTAGE OF INPUT THERMAL ENERGY 

e INITIAL ESTIMATE OF MASS AND ENERGY BALANCES’^ 

OUTPUTS 

e COAL PILE TO BUS BAR PLANT EFFICIENCY 
e STEAM PLANT THERMODYNAMIC EFFICIENCY 

e TEMPERATURE, PRESSURE ENTHALPY AND MASS FLOW RATE FOR EACH STREAM 
AS IT EXITS EACH NODE SHOWN ON THE SYSTEM DIAGRAM 

i 

e ENERGY TRANSFERS FROM STREAM TO STREAM AND TO AMBIENT AT EACH NODE 
♦MOST CONVENIENTLY THIS INmAL ESTIMATE IS THE OUTPUT FROM A PREVIOUS 

CALCULATION { 

’^Gross power less power required for oxidizer compression and On prfKhictlon, If any. 
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The requisite Mollier charts for the oombustUm product state variables were osix^ 

the GE Coal Combustion Equilibrium Code (CCE), see Appendix C. The dtarts were stored 
in tabular form and used widi a double intexpolatioa subroutine. Some charts in 

gnqphioal form axe shown in Figures 1.6-1, 1.6-2, 1. 6-3 and 1. 6-4. figures 1. 6-1 and 

1.6- 2 are for seeded oombustioo products of Montana Bos^iod (MB) coal dried to 5% mols- 
ture with no O enrichment, before and after final oxidation. Figure 1. 6-S is also for MR 
coal but with 4o% O enrichment. The ratio of seed to coal was constant hence seed 
flow increases from 1% to 1.26% oi oondmstion product mass flow rate. Finally, figure 

1. 6- 4 is for seeded combustion products of Ulinois 46 coal dried to 2% moisture without O. 

addition. * 
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SYSTEMS CONFIGURATIONS AND RESULTS 


SECTION 2 

SYSTEMS CONFIGURATION AND RESULTS 


Configurations and results for the three base cases are presented in this section. Because 
it was anticipated that Base Case 2 (3000 F air preheat wiOt no O 2 enrichment) would yield 
the best performance, most of the parametric variations were made about that case. Some 
of the summary graphs plotted for Base Case 2 also include data for Base Cases 1 and 3. 

For eadi reference case and for several alternative system configurations in Base Case 2 , 
code OCSYS was used to generate a complete system balance. A corresponding system dia- 
gram was prepared along with a list of key state points. 

The system diagrams show the mnemonic alphanumeric symbols referring to each compo- 
nent which were used in the system code. Most of fixe symbols are self-explanatory (e. g. , 
MD a MHD generator) but a complete dictionary is included as Appendix A. Numbers on the 
system diagrams indicate locations at which state point data are tabulated. 

Parametric variations from these basic system configurations were evaluated adjusting the 
energy flows. For all cases an energy flow summary was prepared. A complete set of sys- 
tem diagrams, state point tables and energy flow summaries are collected in Appendix B. 

2.1 BASE CASE 1 

2.1.1 REFERENCE SYSTEM DESCRIPTION 

The plant arrangement and state points for the reference system Case 1. 0 are given in Fig- 
ure 2.1-1 and Table 2.1-1, respectively. 

Referring to the MHD flow train in Figure 2. 1-1, the combustor (CBl) is a two-stage cyclone 
with 85% slag rejection, exhausting into the MKD components, e. g. , the nozzle (NZ), MHD 
channel (MD) and diffuser (DF). The remainder of the nodes in the gas path, from the dif- 
fuser exit to the stack, represent the HRSR subsystem. The radiant furnace is node RB, 
and the final oxidation furnace is the group of nodes SHH, FOFl and FOF2, where SHH is the 
superheat panels in the top of the furnace, FOFl the waterwall above the secondary air in- 
jection location and FOF2 the waterwall below. The convective pass is made up of nodes 
LPAH (air heater for the HTAH combustor), SHL (convective pass waterwall), RHH ^igh 
temperature reheat bundle) and RHL (low temperature reheat bundle). The back pass con- 
sists of the hi^ and low economizers (ECH and EUL, respectively), the secondary air heat- 
er (SAH) and an electrostatic precipitator (ESP). The radiant furnace is assumed to be a 
balanced draft unit, (e. g. , an inlet gas pressure of 14.7 psia), requiring an induced draft 
fan (IDF) to boost the exit gas pressure from the HRSR subsystem back to atmospheric. 

In the present analysis, recirculation of flue gas from the exit of the ESP to the exit of the 
final o.\idation furnace was not included (see Section 3.7). In the cases evaluated, the exit 
gas temperature from the final oxidation furnace was typically quite close to the desired 
range of 1800-1900 F. Neglecting gas recirculation to adjust the inlet gas temperature to 
the convective pass does not affe^^t the system performance, but rather only the gas-side 




2-1 



• • ■ I • A I 1 1 1 ti If 






Table 2.1-1. State Points, Case 1.0 




P(psla) 


■KRSB 

1 

220/378 


79.40 

2042.0 

2 

220/378 

- 

14.28 

0.93 

3 

2700/1756 

168.7 

458.0 

766.3 

4 

4800/2923 

153.4 

544.08 

2638.8 

5 

3670/2295 

17.60 

544.08 

1842.7 

6 

2900/1866 

13.94 

544.08 

1474.5 

7 

1833/1274 

13.82 

643.65 

874.5 

8 

762/679 

13.66 

964.66 

599.9 

9 

513/540 

13.56 

964.66 

449.2 

10 

513/540 

13.56 

233.65 

109.7 

11 

336/442 

13.43 

967.47* 

347.3 

12 

77/298 

• 

40.33 

838.5 

13 

1100/867 

20.0 

189.9 

116.2 

14 

688/638 

174.9 

458.0 

165.5 

15 

3367/2126 

17.97 

371*66 

927.7 

16 

1100/867 

16.17 i 

321.01 

242.7 

17 

774/685 

16.12 * 

321'.01 

174.1 

18 

728/660 

20.0 1 

189.9 

73.2 

19 

59/288 

13.43 ! 

31.93 

0.0 

20 j 

221/378 

14.75 i 

999.4 

363.1 

21 j 

190/361 

157 ! 

544.4 


22 

301/423 

400 

597.3 

• 

23 

427/493 

3900 ! 

597.3 


24 

527/548 

3880 I 

597.3 


25 

655/619 

3670 ; 

597.3 

— 

26 

715/653 

3610 1 

597.3 

I. 

27 

1000/811 

3500 I 

597.3 


28 

604/591 

768 

586.9 


29 

1000/811 

691 

591.8 


30 

106/314 

2.3"Hg 

448.2 

— 

31 

- 


- 

654.2 

32 

- 

I 

- 

644.3 


^Includes Coal Drying Moisture 


temperature distribution and thus the required heat transfer area (provided that the gas is 
recirculated from above the pinch-point). 

The high temperat\ire air heater (HTAH) system for Case 1. 0 is described in Section 3. 2. 
Briefly, it uses an atmospheric pressure combustion system with a Wellman-Galusha gasi- 
fier (not shown) and a combustor located in the heat exchanger dome (node PHCB). Air is 
delivered by blower PHB to the preheat combustor via air heaters AHl and LPAH in the pre- 
heat and main combustion gas streams, respectively. Air to the HTAH is delivered directly 
from the main compressor (MC). Downstream of AHl, the HTAH combustion gas is mixed 
with the main stream. The mixed stream delivers energy to reheater RHL and economizers 
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£CH and ECL as well as secondary air heater SAH. Sulfur removal is by dry scnibbiDg 
(node FGD), see Section 3. 8. 

Heat for the coal dryers (node CDR) is supplied by a combustion gas stream extracted from 
the HRSR subsystem at the exit of the ESP. 

In the steam cycle, water from the condenser is first raised to 190 F in two feedwater heat- 
ers, passed throu^ the low temperature economizer (ECL), and into the deaerator, exiting 
at 300 F. At this point the water pressure is raised to 400 psi and used to cool the MHO 
diannel, typically raising the water temperature 75-100 F. A final stage of feedwater heat- 
ing results in an outlet water temperature from the feedwater heat train of 427 F. Ihe water 
then passes through the water/gas pinch-point at ttie gas outlet of the hi^ temperature 
economizer. From the hi^ temperature economizer, the water cools the gasifier in ttie 
HTAH system, and then the remaining MHO components (combustor, nozzle, diffuser). As 
detailed in Section 3.7, Hie water is subsequently raised to the hi^ pressure turbine inlet 
conditions in the HRSR components and then reheated for the reheat turbine. 

2.1.2 PARAMETRIC VARIATIONS 

Parametric variations are summarized in Table 2. 1-2. Without changing Hie plan configura- 
tion, Case 1. 1 evaluates the effect of using Illinois #6 coal. In Case 1. 2, the oxygen enridi- 
ment of Hie main combustion air was removed in order to determine Hie eHect of using air 
only. For Case 1.3, the maximum magnetic field was near Hie generator entrance, tapering 
to 6T near Hie generator exit (for Case 1. 0, 6T tapered to 5T). The increase in magnetic 
field was limited to 7T (as opposed to 8T in Base Case 2) to avoid going to niobium-tin siqier- 
oonductor, consistent with the near state-of-the-art nature of Base Case 1. Case 1.4 intro- 
duced a single-stage vortex combustor with 85% slag rejection, replacing the cyclone. This 
was also compared with Case 1. 4a in which only 70% slag rejection is assumed in the single- 
stage vortex. 


Table 2. 1-2. Base Case 1 Single Parameter Variations 
(Reference Case Efficiency, 41.4%) 


Reference 

Parametric 

Case 

Variation 

AEFF 

MR Coal 

1.1 

X6 Oo&X 

+1.49 

Air + 10% Og 

1.2 

Air Only 

+0.32 

(6-5) TESLA 

1.3 

(7-6) TELSA 

+0.80 

2 -Stage Cyclone Combustor, 

1.4 

Single Stage Vortex, 85% 

+0.35 

85% Slag Rejection 

1.4(a) 

Single Stage Vortex, 70% 

+0.09 
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2.1.3 RESULTS AMD DISCUSSION 


Hie effects of &e parametric variations on overall plant efficiencies for Base Case 1 are 
shown in Thble 2. 1-2. There is no penalty for seed reprocessing since sulfur capture is by 
dry scrubbing (Section 3. 8) for which energy requirements were included in the system heat 
balance. The reference HTAH subsystem (see Section 3. 2) is near state-of-the-art, limited 
to 2700 F prdieat. As a consequence of (his technology constraint and the hi^er heat loss 
associated with the atmospheric pressure HTAH gasifier, the performance of all systems in 
Base Case 1 is low. Overall plant efficiencies range from 41.41 - 42. 90%. 

2. 1.3. 1 Illinois #6 Coal vs Montana Rosebud 

Changing coals had (he strongest effect on plant efficiency of all the variations considered in 
Base Case 1. The dryer Illinois coal resulted in improved channel performance and lower 
coal drying penalty, i. e. , thermal power losses. As a result, the plant efficiency increased 
1.49 points. 

2. 1.3. 2 Air Only vs Oxygen Enrichment 

Deleting the oxygen enridiment resulted in two compensating effects. The removal of the 
oxygen lowered the generator performance. However, that left additional thermal energy to 
be converted in file steam plant. Coiqiled with the reduced plant internal power without the 
oxygen plant load, there resulted a very sli^t net increase in the efficiency of 0. 32 points. 

2. 1.3. 3 Magnetic Field 

The result of increasing the magnetic field was an increase in the channel enthalpy extraction 
from 24. 79% to 26. 53%, which in turn boosted the plant efficiency by 0. 80 points. For a 
more detailed description of the effect of channel performance on the plant efficiency, see 
Section 2. 2. 3. 

2.1. 3. 4 Single-Stage Vortex vs. Two-Stage Cyclone 

Overall plant efficiency is affected by two combustor parameters, heat loss and slag rejec- 
tion. Holding slag rejection constant, the single-stage vortex case cuts the combustor heat 
loss and plant efficiency rises 0. 35 points. However, decreasing the slag rejection in the 
single stage combustor to 70% has an adverse effect on the channel performance and plant 
efficiency is then essentially identical to the reference case (two-stage cyclone with 85% 
slag rejection). 


Nr 
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2.2 BASE CASE 2 

2.2.1 REFERENCE SYSTEM DESCRIPTION 

The plant arrangement and state points for the reference system, Case 2. 0, are given in 
Figure 2.2-1 and Table 2.2-1, respectively. The reference case (2.0) component arrange- 
ment was selected to represent a simple, or strai^t-forward, system with an indirectly- 
fired HTAH. As such, it is not a hi^ performance configuration, but rather serves as a 
baseline against which the many parametric variations can be compared and the effect of 
these variations clearly evaluated. 

With the exception of the combustor, the general arrangement of the MHD flow train is iden- 
tical to that for Case 1. 0, Section 2. 1. 1, upstream of the convective passes. Case 2. 0 uses 
a single-stage vortex with 85% slag rejection. The metallic air heater in the HRSR ia absent 
in die reference case but has been incorporated in some of the alternative configurations. 

The preheat combustor combustion product stream is separately treated for sulfur removal 
by dry scrubbing since for the MHD combustion products sulfur is captured by the potassium 
seed. 

The hi{h temperature air heater (HTAH) system for Case 2. 0 is described in Section 3. 2. 
Briefly, it uses a pressurized combustion system with a two-stage cyclone combustor (nodes 
PHCB and CB2). Air is delivered, both to the HTAH and to the preheat combustor, directly 
from their respective compressor (MC and PHC) outlets. Downstream of die HTAH, the 
pressure of the combustion gas is let down throu^ a gas turbine whidi drives the air com- 
pressor for die preheat combustor. 

Other parts of the system are also similar to Case 1.0 with the following exceptions. An 
additional coal dryer CDR2 has been included to utilize the low grade thermal energy remain- 
ing in the preheat combustor flue gas at the gas turbine exit. Two final stages of feedwater 
heating result in an outlet water temperature from the feedwater heater train of 510 F. The 
water then passes through die water/gas pinch-point at the gas outlet of the hi^ temperature 
economizer. From there, the water cools a second small economizer and the first stage 
combustor in the HTAH system, and then the remaining MHD components. 

2.2.2 PARAMETRIC VARIATIONS* 

Case 2. 0(s) evaluates the effect on channel performance and system efficiency of reducing 
slag rejection in the MHD combustor from 85 to 70 percent. 

Cases 2.0(a) and 2.0(b) examine system configurations which use gasifiers to supply fuel- 
gas to both the MHD and preheat combustors. In both cases, a split-stream gasifier 
(Sections 3. 1. 2. 3 and 3.1.2. 4) is used to supply a hydrogen-rich gas to the preheat com- 
bustor and a carbon-rich gas to the MHD combustor. The two fuel-gas streams from the 
split-stream gasifier have approximately equal energy flow rates and since the MHD 


*Systems diagrams and state point tables for parametric cases are collected in Appendix B. 
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Table 2. 2-1. State Points, Case 2. 0 


Location 

— 

T (F)/(K) 

P (Psia) 

m (Kg/s) 

• 

E (Mtf) 

1 

220/378 


70.36 

1809.2 

2 

220/378 

- 

12.7 

0.8 

3 

3000/1922 

136.5 

529.4 

995.6 

4 

4677/2854 

127.0 

605.7 

2668.4 

5 

3582/2246 

17.6 

605.7 

1881.3 

6 

2900/1867 

14.55 

605.7 

1533.7 

7 

1867/1293 

14.44 

693.9 

875.9 

8 

952/784 

14.27 

693.9 

439.1 

9 

611/595 

14.17 

693.9 

288.4 

10 

611/595 

14.17 

250.1 

104.7 

11 

260/400 

14.75 

678.0* 

137.1 

12 

220/378 


42.19 

1084.8 

13 

648/616 

148.5 

359.7 

121.4 

14 

623/602 

141.9 

529.4 

170.7 

15 

3300/2089 

136.5 

487.8 

1167.7 

16 

985/803 

131.1 

398.1 

269.9 

17 

877/743 

130.7 

397.4 1 

241.6 

18 

373/463 

15.15 

397.4 

117.7 

19 

59/288 

15.15 

13.1 

0.0 

20 

162/346 

14.75 

410.5 

101.7 

21 

190/361 

157 

564.7 


22 

301/423 

400 

672.8 

- 

23 

510/534 

4230 

672.8 

- 

24 

608/593 

4200 

672.8 

- 

25 

694/641 

3950 

672.8 

- 

26 

720/656 

3850 

672.8 

- 

27 

1000/811 

3500 

672.8 

- 

28 

603/591 

768 

662.2 

- 

29 

1000/811 

691 

662.2 

- 

30 

106/314 

2.3" Hg 

462.7 

- 

31 

— 

- 


658.3 

32 

- 

- 

- 

661.7 


^Excludes coal drying moisture 








combustor requires a larger thermal iiq>ut than the preheat combustor, augmentation of the 
MHD oombiistor iiqnit is required. In Case 2. 0(a), the thermal iiqmt to the MHD combustor 
is supplemented widi a coal~fired single stage vortex combustor. In Case 2. 0(b), the addi* 
tional diermal ii^mt to die MHD combustor is supplied by a single-stage gasifier. Note, in 
die system diagrams, that the gasifiers are cooled with steam, immediately after it has 
passed through the transition region in the convective pass waterwall. In a siqiercritical 
steam cycle, the steam at this condition still has very high density, sufficient for cooling 
the gasifier beds. 

Case 2. 1 evaluates the effect of using Illinois #6 coal in the reference plant configuration. 

A single stage combustor with 70% slag rejection in the MHD combustor was assumed. 

Case 2. 2(a) employs a two-stage cyclone with 85% slag x*ejection for the MHD combustor. 

The difference here, as compared to 2. 0, is in the combustor heat loss. Case 2.2, in 
addition to a 2-stage cyclone main combustor, has a "hot-bottom" HTAH (whidi is dis- 
cussed below under Case 2. 16). 

Case 2.4 was settg) as a method of comparing the NASA LeRC and G£ MHD generator anal- 
yses and channel optimization procedures. In this case, NASA LeRC supplied GE with an 
optimized set of diannel parameters, calculated under an agreed iqion set of conditions. 
These conditions were a 2-stage cyclone MHD combustor (with 85% slag rejection and the 
G£-specified heat loss) and a 20 m channel length. The corresponding G£ calculation is 
designated Case 2. 4(a). 

Case 2. 5, 2. 6 and 2. 7 consider variations in components which influence channel perform- 
ance for foe reference plant configuration. In Case 2.5, Cs rather than K was used as foe 
seed element for the MHD working fluid. Alfoou^ foe use of Cs will probably modify seed 
behavior and thus influence design of foe HRSR subsystem, these considerations were not 
addressed in foe present study. In Case 2. 6, a supersonic rather than subsonic channel 
design was used. In Case 2.7, foe magnetic field was assumed to have a value of 8T at foe 
generator entrance, and to taper to 7T at foe generator exit (as compared to 6T tapered to 
5T in Case 2. 0). 

Cases 2. 10, 2. 11 and 2. 11(a) evaluated foe effect of size, e. g. , thermal iiq>ut to foe MHO 
combustor, on generator performance and overall plant performance. In these cases, foe 
only component whose characteristics were assumed to be size dependent was foe MHD 
channel. All other components, i.e., combustors, compressors, steam plant, etc., were 
assumed to have foe . same efficiencies as in foe reference case. Case 2.10 is a plant with 
a 1500 MWt ii^ut to foe combustor (53. 5% of foe reference value of 2800 MWt) and Case 2. 11 
is for a 2000 MWt input (71.4% of foe reference value). Case 2. 11a, in addition to reducing 
foe thermal input to 2000 MWt, assumed 70% slag rejection. That is, this case evaluated 
foe effect of slag rejection in a smaller (than foe reference) size. 

Case 2. 12 replaces foe pressurized HTAH combustion system with an atmospheric pressure 
system. In addition, foe two-stage steam-cooled cyclone preheat combustor was replaced, 
because it has unacceptably hi^ heat losses at atmospheric pressure (due to its large size 
and resiiltant surface area). The alternate combustor selected was a single stage. 


regeneratively air-cooled, cyclone (presently under development by General Electric). The 
preheat combustor air is first heated to 600 F in a metallic air heater downstream of the 
HTAH, and tiien delivered to the preheat combustor cooling channels, where its temperature 
is elevated to 1200 F before admission to the combustion chamber. 

Because of the atmospheric pressure of die reheat flow, a (Minsiderably larger heat transfer 
area is required in die HTAH's compared to pressurized operation, lliis condition inqplies 
an increased surface area for die HTAH vessels, and potentially a larger heat Iom from the 
HTAH system. However, it was assumed that the atmospheric HTAHs were more hif^y 
insulated than the pressurized units, and the heat loss was held constant for the two designs 
(5% of the iiqiut diemical and sensible heat to the dome-mounted combustors). 

Case 2. 16 is a high performance configuration, that includes a "hot bottom" HTAH and a 
highly optimized chminel. The &IHD combustor air preheat system is one in which die air 
temperature is first raised to 1300 F in a metallic heat exchanger in (he HRSR subsystem, 
and is then raised to 3000 F in the HTAH. This arrangement regenerates a sig^nificant 
amount of heat from the MHO flow train, thereby reducing (he fuel recpiirement for die pre- 
heat combustor. This fuel requirement is further reduced by regenerating heat with the pre- 
heat combustor air from the combustion gas down-stream of the HTAH. The MHO channel 
is one in which die magnetic field intensity is varied along the length of the diannel to pro- 
duce a constai^ transverse electric field, Ey ^ 4 kVm. Case 2. 16(a) evaluates the effect of 
the high performance air preheat system alone, and Case 2. 16(b) the Ey « 4 kV/m channel 
alone. 

Case 2. 17 uses a chemically active pressurized fluicfized bed (CAPFB) gasifier as the first 
stage of the preheat combustor, thereby examining an alternative to flue gas desulfurization 
for sulfur control in the preheat combustor flow train. The gasifier also eliminates the need 
for an ESP before the gas turbine, as the gasifier is presumed to have very low ash carry- 
over. The off-gas from the gasifier is used to raise the second stage preheat combustor air 
temperature to 818 F before admission to the second stage. Ihe gasifier air siqpply uses an 
intercooled compressor, as the gasifier design (by Foster Wheeler) assumed a 404 F air in- 
let temperature. As was the case with the SPMB and S^PMB gasifiers (Cases 2. 0(a) and 
2.0(b)), the CAPFB is cooled with (low superheat) steam. 

Case 2. 18 considers an alternate method to the hot bottom HTAH for regenerating heat from 
die MHO flow train. Here, the air and recirculated flue gas for the preheat combustor are 
heated to 1200 F and 1300 F, respectively (in metallic heat exchangers), in the HRSR sub- 
system before admission to the combustor*. The preheat combustor is a pressurized version 
of the combustor used in Case 2. 12, e. g. , single-stage, regeneratively air-cooled. In this 
pressurized configuration, the heat loss from the combustion chamber to the air coolant is 
significantly reduced (as compared to the atmosjAeric combustor), causing only a 100 F rise 
in air temperature in the cooling channels, versus 600 F for atmospheric operation. The 
decision to use this single stage combustor does not imply unacceptal^li^ of the (reference) 


*The air is further heated tO'1300 F in cooling the combustor before admission to the com- 
bustion chamber. 
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two-ctage cyclone, but rather a desire to evaluate performance of the pressurized, sii^le- 
stage, regeneratiTely air-cooled combustor somewhere within Base Case 2. 

2.2.3 RESULTS AND DISCUSaON 

The overall plant efficiencies (botti with and without seed reprocessing for the 21 mises in 
Base Case 2 are shown in Table 2. 2-2. Included in Table 2.2-2 is a "best" case, which is 
a plant cmifiguratiQn diat incorporates the parametric variations (from the reforencw case) 
foat have a positive influence on plant performance. The hit^st performance generator 
(Case 2. 7) was not used because die electrical stresses in the dunnel were Judged to be too 
hi|^. The sinf^ stage, regeneratively air-cooled, combustor is recommended because o£ 
simplicity (compared to the two-stage cyclone), low cost and low heat loss. A system anal- 
ysis for ^s configuration was not performed, but a preliminary estimate of performance 
was made based on the results of the single parameter variations discussed below. 

Of toe large number of configurations examined, there is a comparatively small variation in 
efficiency, from ~ 42. 0% to - 45. 6%, or a difference of 3. 6 percentage points from worst to 
best. TUs small difference is primarily a result of the fact that all plant configurations 
were designed to have a hi^ toermal efficiency in toe sense that toermal losses are a small, 
approximately constant, fraction of toe total coal energy input. The balance of the energy is 
input to the power cycle. The efficiency variations are therefore determined by toe split in 
the energy iiqmt to the power cycle between toe MED channel and toe steam cycle; the larger 
toe fraction of toe input energy converted in toe channel, the hi^r the plant efficiency. 

A simplified picture of toe energy flow in an indirectly-fired HTAH plant is shown in Figure 
2. 2-2. The toermal losses from toe plant is toe sum 

- a - (1 - V Ml - « - flj) q„2- 

The remainder of toe total input, - Qx,, is ii^t to the power cycle 

Q - [tj + (L~n) (a [ij +(l-T»)/3,]+i3-}Q- 

pc 'p ' 'p' 1 cl p p 1 2 ^ c2 

and is then split between toe channel output 

and toe iiqnit to toe steam cycle 

Q =“ (1 - TJ ) Q + [as (1 - TJ ) + /3„] Q 

s 1 ' 'p' cl 1 'p 2 c2 

In toe Base Case 2 plants, toe ratio Qx/Qc is approximately constant. The system efficiency 
is therefore determined by P ^ /Q^^, increasing as this ratio increases. 
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Table 2.2>2 


Overall Plant Efficiency* 
Base Case 2 




E^ficiencyg X | 

Case 

Mo. 

Pars»eter Variation 

Without Seed 
Reprocessing 

With Seed 
Reprocessing 

2.0 

Reference System 

43.66 

43.45 

2.0s 

70t Slag Rejection 

43.12 

42.91 

2.0a 

S^PMB + Coal 
912 Slag Rejection 

42.66 

42.53 

2.0b 

S^PMB SPMB 

43.42 

43.22 

2.1 

Illinois #6 Coal 
701 Slag Rejection 

44.48 

43.30 

2.2 

2-Stage Cyclone MHO Combustor 
Hot Bottom HTAH 

44.13 

43.89 

2.2a 

2-Stage Cyclone HUD Combustor 

43.23 

43.02 

2.4 

2-Stagc Cyclone MUD Combustor 
NASA Generator 
20 m Channel 

43.47 

43.26 

2.4a 

2-Stage Cyclone MUD Combustor 
E • 4 kV/m Generator 
20 m Channel 

43.45 

43.23 

2.5 

Cs Seed 

44.72 

44.57 

2.6 

Supersonic Generator 

43.01 

42.81 

2.7 

8-7T Magnetic Field 

44.91 

44.69 

2.10 

1500 MWt MUD Combustor Input 

41.98 

41.78 

2.11 

2000 MWt MUD Combustor Input 

42.91 

42.70 

2.11a 

I 2000 MWt MUD Combustor Input 

1 70Z Slag Rejection 

42.34 

42.13 

2.12 

1 atm. HTAH Reheat 

Single Stage Preheat Combustor 

43.00 

42.79 

2.16 

Hot Bottom HTAH 

Ey • 4 kV/m Generator 

45.49 

45.25 

2.16a 

Hot Bottom HTAH 

44.56 

44.33 

2.16b 

E - 4 kV/m Channel 

44.56 

44.34 

2.17 

CAPFB Preheat Combustor 

42.53 

42.33 

2.18 

1200 F Air and 1300 F Recirc. Gas 
for Single Stage Preheat 
Combustor 

44.26 

44.03 

Best 

Illinois H Coal 

85% Slag Rejection i 

E * 4 kVm Generator j 

H6t Bottom HTAH 

Single Stage Preheat Combustor 

47.0 

(EST) 

46.3 


*£f f ^cicncies are quoted to the nearest 0*015» to nlnlnize the effect of round off 
error on small dUferences but are not intended to indicate that level of absolute 


precision. 
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This overview of the plant energy is quantified by the data shown in Figures 2. 2-3 and 

2. 2- 4. The ratio of the tiiermal losses divided by the total coal input is plotted versus the 
plant efficiency in Figure 2. 2-3. Here, the thermal losses are defined as the sum of: stadc 
loss, rejected solids, coal drying and other losses to amtdent. The fractional losses for 
most cases are ti^ly grouped around 15%, with a fow exceptions. The cor ^orations with 
,jasifiers (Cases 2.0(a), 2.0(b) and 2.17) and Case 2.12, the atmosjdieric HTAH combustion 
s^ystem, have hif^er losses. Case 2.4 (the NASA -specified generator) has a sli^itly lower 
than average loss, and Case 2. 1 (Illinois #6 coal) is signficantly lower because of the re- 
duced coal drying requirement. 

The ratio of the gross MHD generator output divided by file total coal input is plotted versus 
efficiency in Figure 2. 2-4. Here, most of the cases fall within a very tight linear band. 
Those few cases that scatter outside the band are the configurations that have exceptional 
heat losses (compare Figures 2. 2-3 and 2. 2-4). Figure 2. 2-4 clearly illustrates the con- 
clusion stated above: with losses that are a constant fraction of the coal input, file variation 
in efficiency is proportional to the fraction of the total input remaining that is converted to 
output in the channel. A 1 -percentage point increase in (the normalized) channel output re- 
sults in a 0. 44-percentage point increase in plant efficiency. 

With regards to overall plant efficiency, it is increased by the following (perhaps obvious) 
plant diaracteristics: 

1. An increase in the fraction of the total coal input which enters the channel, 

2. An increase in channel fractional enthalpy extraction, 

3. A decrease in fractional plant losses. 

By comparing selected cases to C se 2.0, the reference case, the effect on plant efficiency 
of varying a single parameter can be evaluated. These results are presented in Tables 

2. 2— 3, 2. 2—4 and 2. 2—5. 


2. 2. 3.1 Comparison of Two-Stage Cyclone and Single Stage Vortex Combustors 

The single-stage and two-stage cyclone combustors are characterized by two parameters, 
heat loss and slag rejection, with 85% slag rejection and a single-stage heat loss taken as 
the reference performance parameters. Decreasing slag rejection in the single-stage com- 
bustor to 70% decreases efficiency by 0. 54’*‘ percentage points in the 2800 MWt combustor, 
and 0. 57 points in the 2000 MWt combustor. This decrease in efficiency is a result of de- 
creased piasma conductivity due to the presence of the increased slag. Holding the slag 
rejection constant at 85% and increasing the combustor heat loss to that typical of a two- 
stage cyclone, the efficiency is decreased 0.43 points. This effect is also a result of de- 
creased plasma conductivity, e. g. , the increased heat loss lowers the inlet plasma tempera- 
ture to the channel. Thus a single stage vortex combustor with 70% slag rejection and a 


♦See footnote Table 2.2-2. 


2-14 


THEMUL LOSSU/TOTAL COAL INPUT 


Figure 2. 2-3. Plant Ibermal Losses 



• • (2.U) 

• (2.0a) 





Table 2. 2-3. Base Case 2 Single Parameter Variations MHD Combustor 
(Reference Case Efficiency 43. 5%) 


REFERENCE 

PARAMETRIC 

CASE 

VARIATIONS 

AEFF 

SINGLE STAGE VORTEX WITH 

2.0(s) 

70% SLAG REJECTION 

-0.54 

85% SLAG REJECTION 

2.2(a) 

2-STAGE CYCLONE 

-0.43 


2. 0(a) 

S3 PMB + COAL 

-1.75* 


2.0(b) 

S3 PMB + COAL 

-1. 20* 


*COMPABED TO REFERENCE CASE EFFICIENCY CORRECTED FOR EQUIVALENT 
THERMODYNAMIC REGENERATION 


Table 2. 2-4. Base Case 2 Single Parameter Variations Fuel, MHD Flow Train, Size 

(Reference Case Efficiency 43. 5%) 


REFERENCE 

PARAMETRIC 

CASE 

— 

VARIATION 

AEFF 

MR COAL 

2.1 

16 COAL 

+0. 89* 

SUBSONIC 

2.6 

SUPERSONIC 

-0.65 

K SEED 

2.5 

Cs SEED 

+1.12 

(6-5) TESLA 

2.166 

4 KV/M 

+0.89 


2.7 

(8-7) TESLA 

+1.24 

1257 MWe 

2.11 

887 MWe 

-0.75 


2.10 

655 MWe 

-1.67 


■^COMPARED TO 70% SLAG REJECTION CASE FOR MONTANA ROSEBUD (2.0(s)). 


Table 2. 2-5. Base Case 2 Single Parameter Variations 
Hi^ Temperature Air Heater System 
(Reference Case Efficiency 43. 5%) 


y ■ ■- , ■■■ 

REFERENCE 

PARAMETRIC 

CASE 

VARIATION 

AEFF 

600 F AIR IN 

2. 16(a) 

1300 F AIR IN 

+0.88 

2 STAGE CYCLONE 
COMBUSTOR 

2.17 

CAPFB COMBUSTOR 

-1.12 

600 F AIR, 900 F 

FLUE GAS TO PREHEAT 

COMBUSTOR 

2.18 

1300 F AIR AND 
FLUE GAS 

+0.58 

PRESSURIZED REHEAT 

1 i 

2.12 

ATMOSPHERIC 

REHEAT 

-0.66 
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two-Btage cyclone witti 85% slag rejection produce nearly identloal calculated plant efftoien^ 
ciee and diere is little to diooee between the two design approadies. Other factors such as 
scalability, reliability and flow uniformity, as determined by development testing will in- 
fluence the final choice. 

3 

2. 2. 3. 2 System Results for Qie 8 PMB Gasifier 

The two configurationa using a gasifier for the first stage of the MHD combustor, e. g. , toe 
S^PMB + coal and toe S^PMB + SPMB, were not compared directly to the reference case. 
The direct comparison is not correct because toe gasifier configurations have a significant 
amount of thermal regeneration, in toat toey use 1300 F air which is preheated in toe HRSR 
subsystem and the reference case has no regeneration. However, Cases 2. 18 and 2. 16<a) 
differ from Case 2. 0 primarily in the degree of thermodynamic regeneration and toerefore, 
provide a direct quantitative measure of the effect of regeneration on plant efficiency, Fig- 
ure 2. 2-5. To obtain a common basis of comparison, the efficiency of the reference con- 
figuration with a degree of regeneration equal to that of each of the gasifier oases was esti- 
mated usii^ Figure 2. 2-5. 



Figure 2. 2-5. Effect of Regeneration on Plant Efficiency 


Ilie comparatively large performance penalty for the gasifier cases is a result of limited 
air preheat temperatures and hi^ coal moisture level (see Figure 2. 2-3) and heat infmt 
directly to the steam cycle (dius bypassing this energy around die MHD channel). Case 
2. 0(b) (S^PMB + SPMB) has better performance than Case 2- 0(a) (S^PMB + coal) because 
its second-stage (3000 F) air is a smaller fraction of the total air requirement for the MHD 
combustor. It thus requires a smaller fuel input to die HTAH combustion system and there- 
fore has a smaller indirectly-fired HTAH penalty. 

2. 2.3.3 Montana Rosebud vs Illinois #6 Coal 


Using Illinois #6 coal as the fuel, rather than Montana Rosebud, increases the plant efficien- 
cy (without seed reprocessing^ by 1. 36 points. Hiis improvement is a result of two major 
effects. First, duuinel performance is improved by the lower moisture content and ad^tion- 
al heating value. Second, the significantly lower coal moisture content decreases thermal 
losses (see Figure 2. 2-3) for evaporation in the coal dryers and in die combustion stream. 
When the increased seed reprocessing penalty for Illinois #6 is accounted for (see Section 
3. 9), the net overall efficiency increase for Illinois #6 is 0. 89 points. 

2.2. 3.4 Channel. Magnet, and Plant Size 

The next group of parametric variations. Table 2. 2-4, deal wit^ variations in channel and 
magnet design. Here die plant configuration is the same as the reference case, and die only 
variation is fractional enthalpy extraction in the diannel. The discussion of the channel per- 
formance for these variations is presented in Section 3. 3. The effect on plant efficiency for 
these cases is shown in Figure 2. 2-6. There is an essentially linear relationship with a 
1 percentage point increase in channel enthalpy extraction corresponding to an increase in 
plant efficiency of 0.48 percentage points. This quantitative relationship was determined 
for the reference plant configuration, but it is probably representative of all plants widi an 
indirectly-fired HTAH subsystem. 


2. 2. 3. 5 HTAH Subsystem Configurations 


In the Base Case 2 configuration with an indirectly-fired HTAH, thermal energy may be re- 
generated from the MHO flow train with either of two oxidizer flows, (a) the MHD combustor 
air, or (b) the preheat combustor air and recirculated flue gas. Hie regeneration is accom- 
plished by transferring heat from the MHD flow to the oxidizer in metallic tube panels located 
within the HRSR subsystem. These two options for regeneration were evaluated in Cases 
2. 16(a) and 2.18, respectively, where (in both cases) the oxidizer was preheated to 1300 F. 
The rate of energy regeneration is 


= (mAh) 


oxidizer. 


where m is the mass flow of oxidizer through tbe metallic air heater and Ah is the correspond- 
ing enthalpy addition to the oxidizer. Since Ah is about equal in both cases and Case 2. 16(a) 
uses a larger oxidizer flow in the metallic air heater than Case 2. 18, the former configuration 
is capable of more regeneration than the latter. This result is illustrated in Figure 2. 2-5. 
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0 - 2 * 0.26 i 

dUMNIL FRACnONAL INTRALFY EXTRACTION I 


Figure 2. 2-6. Effect of Channel Performance on Plant Efficiency, Base Case 2 

The atmospheric HTAH combustion system (Case 2. 12) resulted in a 0. 66 percentage point 
decrease in plant efficiency as compared to (he pressurized combustion system because less 
efficient use can be made of the flue gas exiting from (he HTAH. This flue gas represents a 
large flow of fairly low grade heat 900 F). The gas turbine, used in the pressurized sys- 
tem to expand the HTAH eidiaust flow to atmosi^eric pressure, is a very efficient device in 
(his temperature range. The gas turbine converts this low-grade energy to shaft output 
(which is used to drive (he combustion flow) at over 50% efficiency. In contrast, (he flow in 
file atmosidieric combustion system must l>e driven wifii an electrically-powered blower 
(requiring ~ 10 MWe), and (he low grade heat from the HTAH e^diaust must be integrated 
into the plant. Note, Figure 2.2-3, (hat Case 2. 12 has an above-average heat loss, as a 
result of the HTAH atmospheric combustion flow. In general, file pressurized HTAH com- 
bustion system is a hij^y efficient plant design option, in addition to the benefit of reducing 
component size and cost. 

The use of the CAPFB combustion system for the HTAH (Case 2. 17) reduced plant efficiency 
by 1. 13 points. This degradation in performance is a result of larger thermal losses than 
the two-stage cyclone bo(h to ambient and directly to the steam cycle. 
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2.3 BASE CASE 3 


2. 3. 1 REFERENCE SYSTEM DESCRIPTION 

The plant arrangement and state points for die reference system. Case 3. 0, are given in 
Figure 2. 3-1 and Table 2. 3-1 respectively. The BdHD flow train for Base Case 3 is similar 
to Case 2. 0 in plant component arrangement except for the elimination of the indirectly-fired 
HTAH Subsystem and the insertion into die component lineup of two reciqierative air heaters 
AHl and AH2. 


Table 2. 3-1. State Points, Case 3. 0 


LOCATION 

T (K)/(F) 

PSIA 

M (Kr/SEC) 

E (MW) 

1 

220/373 




2 

220/373 



mm 

3 

97G/1300 

137.2 

378.1 

279.0 

4 

2316/4790 

136.7 

486.4 

2608.0 

5 

2351/3737 

17.7 

486.4 

1894.0 

6 

1066/2399 

14.65 

486.4 

1488.6 

7 

1330/1935 

14.54 

609.7 

897.1 

8 

•592/735 

14.36 

609.7 

400.8 

9 

521/47C 

14.22 

609.7 

282. 

10 

523/491 

14.22 

285.7 

134.5 

11 

304 /231 

14.75 

590.7* 

191.2 

14 

603/634 

150.4 

378.1 

124.4 

21 

361/190 

157. 

538.4 


12 

401/261 

137. 

538.4 

- 

22 

423/301 

400. 

562.7 

- 

23 

492/427 

3860. 

562.7 

- 

25 

606/631 

3670. 

562.7 

- 

26 

653/715 

3610 

562.7 

- 

27 

oil. 1/1000 

3500. 

562.7 

- 

28 

591/634 

768. 

552.5 

- 

29 

011/1030 

691. 

557.3 j 

- 

30 

314/106 

2.3 "Hg 

421.6 

— 

31 


- 

- 

560.1 

32 

• 

— 

I 1 

654.6 


^Excludes Coal Drying Ifoisture 


Case 3. 0 was set up to make a comparison of the use of O 2 enridied air heated in metallic 
recuperative air preheaters with unenriched air heated in indirectly-dred regenerative 
heaters. 













Hie practical temperature limit to which a pressurized oxidizer can be heated in a directly- 
fired, remqierative heater is directly related to the corrosion resistance of die materials at 
hi^ metal temperatures. This limit, using available stainless steels and superalloys, is 
generally quoted at 1100 F to 1400 F. Therefore, 1300 F was diosen as the base case oxi- 
dizer preheat temperature. All of the cases in Base Case 3 assume the use of 40% additional 
oxygen as defined in Section 1. 3. This level of enrichment was chosen based on channel per- 
formance and plant efficiency before total plant costs, including cost of the oxygen plant, 
were available, and a lower percentage of added oxygen nuiy produce a lower cost of elec- 
tricity (COE) by reducing the size of the required oxygen plant. This question should be ex- 
amined in future studies. Also, it is assumed that the added oxygen is mixed with the in- 
coming air at ambient pressure and temperature, althous^ wifii better definition of the oxygen 
plant such mi^t not be the case. 

The total oxidizer stream is compressed in a non-intercooled compressor by a steam turbine 
driven axial flow compressor before passing throu^ a low temperature air heater AHl, and 
then through the hig^ temperature air heater, AH2. The oxidizer stream (in Case 3. 0) exits 
AH2 at 1300 F. 

Note from the plant arrangement. Figure 2. 3-1, fiiat the hi^ temperature air heater, AH2, 
is part of file convection pass of the HRSR subsystem. The low temperature air heater, AHl, 
is located in the back pass between the low temperature reheater, RHL, and the hi^ tem- 
perature economizer, ECH. 

The hot gas for coal drying is extracted at Qie exit of the electrostatic precipitator which 
removes the solids (seed/slag) which were not collected in the \q>stream componems of the 
HRSR subsystem. 

The steam cycle arrangement is exactly the same as in Case 1. 0. It uses two low tempera- 
ture feed water heaters, FW6 and FW5, the low temperature economizer, ECL, a medium 
temperature feedwater heater and a deaerator, FW4 and DA, the intermediate pressure 
pump and the channel cooling system, IPP and MD, followed by one hi^ temperature feed 
water heater and the boiler feed pump, FW2 and BFP. 

2.3.2 PARAMETRIC VARIATIONS 

Parametric variations are summarized in Table 2. 3-2 and are self-explanatory. See Ai^n- 
dix B for a tabulation of efficiencies with and without seed reprocessing for each of these 
cases. 


2. 3. 3 RESULTS AND CONCLUSIONS 

On a plot of overall efiiciency versus the ratio of channel gross output to total coal input. 
Figure 2.2-4, the directly-fired, recuperatively heated cases are in line with the 3000 F 
indirectly-fired systems using pressurized reheat combustors (Base Case 2). Thus the 
shaft power penalty associated with manufacturing oxygen is just counterbalanced by the 
avoidance of the thermal efficiencies inherent in the indirectly-fired air heater subsystem. 
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Table 2. 3-2. Base Case 3 ffingk Parameter Variattons 
(Reference Case ESloienoy 42. 9%) 


REFERENCE 

PARAMETRIC 

CASE 

VARIATION 

AEFF 

MR COAL 

3.1 

16 COAL 

+0.47 

SINGLE-STAGE 
VORTEX COMBUSTOR 

3.2 

2-STAGE CYCLONE 

-0.02 

1300 FAIR 

3.4 

HOOF AIR 

-0.36 

(6-5) TESLA 

3.5 

(8-7) TESLA 

+1.17 


Ihis is in contrast to Base Case 1 where a sli^netlosa resulted from use of an 02~en- 
ridied flow with an indirectly-filred HTAH subsystem. Of course, these conclusions are 
dq;)endent on the actual power requirement of tte oxygen plant as discussed in Section 
3. 2. 3. 

Sensitivity to prdieat temperature Case 3.4 is surprisinf^y low and it may prove desirable 
to lower the air prdieat temperature, periiaps to 1200 F, for a more conservative design. 
The 100-degree drop would cost less tiian 0. 2 percentage points. 

The most important conclusion of this analysis is diat competitive system efficiencies can 
be adiieved wifiiout the necessity a deveh^ment program on regenerative heat exdiangers 
for early commercial application. 









SECTION 3 

MAJOR SUBSYSTEMS AND COMPONENTS 


SECTIONS 

MAJOR SUBSYSTEMS AND COMPONENTS 


CMnbostor and ganarator pexformanoe are clearly ceotral to the viability of open cycle MED 
power generation. CoMequently a subetairtial effort wan devoted to exidoring a variety of oom> 
buator oonoepta, including gasification. Gasifl cation offered the potential advantages ai slag 
free operation, such as electrical isolation between combustor stages, and the possibility of 
utiliatng development woric alrea^ in progress. However, integration proved difHoolt and ef- 
fioientty was relativety low. Thus, some form of olose-ooiqded low-to»moderate slsg com* 
bustion erstem with cyclone or vortex separation appears more promising. 

Tediniques for computing MHD generator performance were refined to compute optimum net 
power while satisfying exteraal constraints. A close match with NASA LeRC specified gener> 
ator performance was obtained. Air heater anafysis was based on detailed studies done for 
ETF and for Base Case 3, data for O2 plant performances was supplied by NASA LeRC. 

Other sidbcystems covered in this section are the magnet, inverters, diffuser, heat recovery/ 
seed recovery, seed reprocessing and steam idants. Magimt work was done by GE's Energy 
Systems Products Department. Hooker Chemical Company analyzed seed reprocessing tech- 
niques and sivplied general (Mta for application to specific cases. 

3.1 COMBUSTORS/GASIFIERS 

3. 1. 1 CONCEPTS INVESTIGATED 

All combustors considered in this study were nominally dtyable of at least 70% slag rejection. 
Thqr included several varieties of the cyclone or vortex type plus a number of gasifiers. The 
latter offered die advantages of firing with a clean fuel ai^ of utilizing developmmit work already 
in progress but dJllioulties with system integration and overall efflcientty resulted in a shift in 
enqdiasis to cyclones. The combustors and gasifiers c<msidered for bodi the main MHD com- 
bustion system and for the air beater combustion system are described in this section since 
there is considerable overlity in the concepts dbspite the substantial difference in combustor 
exit temperature. 

Concepts which were evaluated as fuel gas sources or heat sources for the HTAH assembly 

were: 

1. Conventional Fixed Bed Gasifier <Wellman-Galusha) 

2. Staged, Hl{^ Slag Rejecticm Cyclone Gasifier 

3. Split-Stream Slagging Pressurized Moving Bed Gasifier (S^PM^ 

4. Regeneratively Air Cooled Cyclone Coal Combustor 

5. Chemically Active Pressurized Fluidized Bed Gasifier (CAPF^ 
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A case breakdown indicating which type of HTAH gasifier/ combustor was used for each ejrstem 
configuration is given in Table 3. 1-1. 

MHD gasifiers and combustor concepts which were evaluated were: 

1. Single Stage Vortex Combustor 

2. Two-stage Cyclone Combustion System 

3. Slagging Prmisurlzed Moving Bed Gasifier (SPM^ 

4. Split-Stream Slagging Pressurized Moving Bed Gasifier (S^MQ 

5. S^PMB/SPMB - the combined use of a split-stream slagging pressurized moving bed 
gasifier (S^PM^ and a slagging pressxirized moving bed gasifier (SPME) 

6. The combined use of a S^PMB gasifier with a single stage suspension type pulverized 
coal combustor 

A case breakdown for the use of these combustor systems in the PSPEC studty is given in Table 
3.1-2. 


3.1.2 COMPONENT DESCRIPTIONS 

Brief descriptions of the design analysis used and the data available on these components are 
presented below. 

3. 1.2.1 Wellma^ Galusha Fixed Bed Gasifier 

This gasifier was used as a fuel gas source for the HTAH assembty in Base Case 1. It was 
specified to be an off-the-shelf gasifier operating at atmospheric pressure. Several conven- 
tional designs^ were examined. Table 3. 1-3, and the Wellman Galusha fixed bed gasifier. 
Figure 3. 1-1, delivering hot raw gas to the HTAH assembly, was selected alter consultation 
with NASA personnel. 

Performance data were obtained from the manufacturer^. With a stirring rod, this design has 
demonstrated operational capability with both caking and moderately caking coals, thus it is 
suitable for both Montana Rosebud (non-caking) and Illinois #6 (caking^ coals. Capacity of a 
10 ft. I.D. vessel while operating with 'as received' M<mtana Rosebud is estimated by the gas- 
ifier manufacturer to be 1.070 Kg/s, and with HlinuiS #6 is about 0.945 Kg/s. Other perform- 
ance data for the Wellman-Galusha are summarized in Table 3. 1-4. 

A process flow diagram with detailed state point data is included in the discussion of the HTAH 
subsystem. In scaling to commercial size plant, banks of 10 ft. I.D. gasifiers were utilized, 
the number of gasifiers being determined by the thermal requirements of the HTAH assembly. 
For all the cases considered, 'as received' coal was the fuel for the gasifiers. 
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Table 3. 1-1. Case Breakdown for RTAH GaslBers/Coinbiistors 
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Table 3.1-2. Case Breakdown for MHD Combustors 




Table 3. 1-2. Case Breakdown for MHD Combustors (Continued^ 






Tabl0 3. 1>3. Gasillent Ccwsldered for HTAH Applioation in Base Casa 1 



NOTES 

BED 

TYPE 

NUMBER 

STAGES 

LURGI 

1 

FIXED 

1 

WELLMAN-GA LUSHA 


FIXED 

1 

WILPUTTE GASIFIER 


FIXED 

1 

RILEY-MORGAN 


FIXED 

1 

WELLMAN 


FDCED 

2 

STOIC (FOSTER-WHEELERj 


FDCED 

2 

WOODALL-DUCKHAM 


FIXED 

2 

KOPPERS-TOTZEK 

2 

ENTRAINED 

1 

WINKLER 


FLUIDIZED 

1 


NOTES: 1. ONLY PRESSURIZED TYPE 


2. Og ONLY, ALL OTHERS AIR OR 03 


3.1.2.2 Two-Stage Cyclone GaalHer/Combuator 

The high alas rejection oyolcme gasifiers and combustors used in this study were extensions of 
Hie GE ETF^ high slag rejection gasifier/ combustor, Figure 3. 1-2. The first stage consists 
(d a duster of vertical primary vortex gasifiers which feed into a common qrclone slag sepa- 
rator-receiver. The fuel gas from Hie first stage fires a second stage gas phase oombustor 
which may be integral with or separated from the first stage gasifier. When used as an MHD 
combustor, the first stage gasifiers are manifolded to a single second stage gas phase oom- 
bustor. The gasifier is designed for 85% slag rejection with an 8% pressure drop. The gas 
phase oombustor has a 2% pressure drop. Heat and mass balances were determined from 
equlUbrium analysis. At nominal design ocmdiHons, the first stage waU heat transfer is 5%, 
and the second stage wall heat transfer is 2% of the input coal HHV. 

For bdh the first and second stages, 98% of the wall heat transfer was assumed recovered by 
cooling water, with the remaining 2% lost to ambient. For conditions perturbed from the ref- 
erence design point, wall heat transfer rates were scaled as a function of chamber pressure, 
chamber temperature and combustion product mass flow rate. 

Asa gasifier for the HTAH subsystem Hie high slag rejection cyclone concept is modified as 
follows: 

1. The second stage gas phase combustor shown iu Figure 3. 1-2 wiU not be used. In- 
stead, a connecting duct is manifolded to the HTAH pressure vessels and final com- 
bustion of the fuel gas occurs in the combustion domes for each HTAH vessel. 
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Figure 3. 1-2. Two-Stage High Slag Rejection Cyclone Gasifier/ Combustor 


Table 3. 1-4. Nominal Operating and Pexfonnance Data - A Wellman Galusha Gasifier 



MONTANA ROSEBUD 

ILLINOIS #6 

GASIFIER DIAMETER (FT) 

10 

10 

OPERATING PRESSURE (ATM) 

1.1 

1.1 

CAPACITY (KG/SEC) 

1.070 

0.945 

OPERATIONAL LIMITATION 

NONE 

STIRRING ROD REQUIRED 

COST - VESSEL + AUXILIARIES 

$300,000 

$300,000 

- INSTALLATION AND 
CONTROIS 

$180,000 

$180,000 

SPACE ENVELOPE (FT X FT X FT) 
INCLUDING DUST COLLECTOR 

16 X 28 X 70 

16 X 28 X 70 

WEIGHT (LBS) 



- EMPTY WITH CYCLONE 

90, 000 

90,000 

- COAL LOAD 

50, 000 

50,000 

HOT RAW GAS EFFICIENCY 

92% 

92% 

RAW GAS TEMPERATURE, °F 

730 

1029 

PRESSURE DROP, % 

10 

10 


2. The number of gasifiers clustered around a slag receiver will depend on the thermal 
power requirements for the HTAH assembly; however, up to 5 primaiy gasifiers can 
be used for a given cluster. For the scale of plants investigated, clusters of between 
3 to 5 gasifiers were utilized, 

3. The primary HTAH gasifiers operate at lower gasification air temperatures (589 K to 
867 K) than the ETF design (1757 K to 1922 IQ and deliver the low Btu fuel gas at lower 
temperatures, nominally 1783 K versus 2088 K. 
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3.1. 2.3 Slagging Pressuriggd Moving Bed Gagifler 

The slagging, pressurized moving bed^ gasifier (SPMl^, Figure 3. 1-3, is an extension of an 
oxygen/steam blown gasifier concept presently being developed by the Grand Forics Energy 
Technology Center^. 5 and the British Gas Corporation®* 

The Grand Forks and British gasifiers are similar in concept in that a hearth and blast furnace 
type tuyeres replace a conventional grate stqpport, thus permitting slagging (^ration. Slagging 
operation relaxes the constraints on input air temperature and the steam/ oxygen ratio as com- 
pared to dry ash operation. However, slag poses some significant materials problems and 
long term M»«rting is required to demonstrate commercial acceptability. Throug^qxits are 2 to 
4 times higher than that of dry ash fixed bed gasifiers. 

For MHD iqjplications, this concept was modified to air blown operation to avoid the adverse 
effects of OH' on plasma conductivity. An idealized representation of the moving bed gasifier® 
is shown in Figure 3. 1-4. Coal is fed in at the top of the reactor and moves down by gravity 
flow. At the top of the gasifier, the coal is preheated and dried throu^ heat exchange between 
the coal and hot gases from below. In the drying zone, ss shown in Figure 3. 1-5, there are 
rapid changes in both gas and coal temperature primary resulting from water viqx)rization. 

As the coal proceeds downward it enters a devolatilization zone v4iere coal gases and tars are 
esqpelled. The temperature changes in this zone are relatively small since the heat absorbed 
by the coal char is nearly equal to the heat released during pyrolysis. In the third region, 
exothermic gasificatioa reactions occur, and the temperature rises rapidly. In the gasifi- 
cation zone carlxm conversion occurs primarily via the following reactions: 


C + H 2 O CO + Hg 

(1) 

C + CO 2 *± 2 CO 

(2) 

C + 2H„ ^ CH . 
2 4 

(3) 


The gas phase water-gas shift reaction catalyzed by coal particles also plays an important role. 

CO + H,0 ^ CO- + H- (Water-gas shift) (4) 

The combustion zone in the vicinity of the tqyeres produces a rapid rise in temperature with 
the following combustitm reaction dominating: 

rC + O^ 2(r - 1) CO + (2 - r) CO^, (5) 

where r is a system constant dependent on reaction conditions. 


* Conventional Fixed bed gasifiers are actually slowly moving bed systems. Within this 
context, the term 'fixed bed' and 'moving bed* are often used interchangeably in coal 
gasification literature. 
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Figure 3. 1t3. Slagging Pressurized Moving Bed Gasifier 

(Beference 8) 
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Figure 1-4. Schematic of Moving Bed Gasifier 
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Figure 3. 1-5. Predicted Temperature Profile in a Moving Bed Gasifier 

(Reference 8) 

Altiioos^ several models have been developed for analysis of fixed bed gasifiers^* accu- 
rate predictimi of Axel gas composition is difficult because of non-equilibrium effects associated 
^,'ith the heterogeneous reactions between the solid carbon and gaseous reactants, as well as 
uncertainties associated with the pyrolysis process. Eirairical correlations and experimental 
data for the drying and devolatilization of the coal^^> ^ were utilized for the iqiper region of 
the gasifier. An equilibrium analysis was used for the gasification and combustion of the char 
in the lower section of the gasifier. In the devolitization and drying regions, reactions between 
the coal gas and upflowing hot product gas were neglected. The end of the devolatilization zone 
was set by a char temperature of 1273 K, for which data indicate pyrolysis i ' essratially com- 
plete for most coals. 

Having established the char composition, equilibrium analysis was then used to establish an 
appropriate stoichiometry for complete carbon conversion based iqx>n the char composition. 

The calculated gas temperature and mass How at the boundary of the combustion and gasification 
zones were then used to determine the fuel gas temperature exiting the gasifier fay means of an 
energy balance. The fuel gas consists of a mixture of coal gas, tars, oils, phenols, and pro- 
duct gas. This alimented analysis predicts fairer gasifier exit temperatures than does a total 
equilibrium analysis since a larger percentage of water decomposition is predicted in the latter 
case. 
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The 00*1 deUvered to the gasifier was 'surface dried' to a FMR of 12. 93 for tiie Montana Rose- 
bod coal and a FMR of 2. 0 for the niinots #6 coal. The gasificatioti air tenqperature was limit- 
ed to 1300^^ (978 Ki and the fiicd gas exit tenqwratore to aboot 1700^ (1200 K). TMs exit 
gas tenqieratore is in the range of operating conditions adiidi bare been demonstrated by the 
British (las C o i por atioo. Higher inlet air tenq>eiatures would lead to better MHD gmierator 
performance, but operation under these conditions is questionable in the absence of experiment- 
al data. In addition to die more severe material problems associated with higher bed temper- 
tl»r. U . ri* o( M 

At nominal design conditions, fbe gasifier has a 3. 5% wall heat transfer rate, 60% of adiioh is 
transferred to water and the remainder lost to the ambient air. The pressure drop 

across dw gasifier was set at 8%. The I.O. of flie gasifier was assumed to be 4 meters, ediidi 
is the nominal size of the gasifier being designed and developed for combined cycle applications. 
At a design pres su re of 7.4 atm, diis size unit has nominal coal capacity oi 4. 71 K^ssc with 
'as fired* Montana Rosebud (FMR- 12. 93). 

3.1.2.4 Split Stre^ wi fflaiwring Preaa urized Moving Bed Gasifier (S^PMBi 

The S^PBIB is an extension Of the SPMB to split-stream operation. The 'clear gas* from the 
gasifier, see Figure 3. 1-3, is rich in CO. R is delivered to the MHD combwtor where its com- 
bustion results in a very high temperature plasma nearty free of electron-absorbing OH radi- 
cals. Bodi effects tend to increase electrical conductiviiy. The 'top gas , ' containing moisture 
and hydrocarbons is used to fire the HTAH combustors where neither extreme tenqwrature nor 
high conductiviiy are important. 

An idealized schematic of the S^PMB is given in Figure 3. 1-6. It is divided into 3 major sec- 
tions. Section I is a drying and devolatilizatimi zone and is the same as for the SPBIB. Sec- 
tions n and m are gasification and combustion zones for the diar, idiere a portion of foe pro- 
duct gas is used to devolatilize and dry the coal in Section L The chars and product gas com- 
positions are foe same as for the SMPB. 

The mass flow qdlt of inodnct gas determines foe energy qplit betw e e n the top gas and dear 
gas. The heating value of foe coal gas and tars given off in Section I are quite high and system 
energy requirements suggest that foe mass flow of product gas for devolatilization be as small 
as possible. The limit for this ratio was determined by foe minimum top gas tenqMrature for 
suitable transport and combustion of foe tar and oil viqwrs set at 700°F (644 Even at the 
limiting mass flow aplii:, fiid gas to the BfHD combustor was insufficient and required siqiple- 
menting by additional coal or SI^dB fuel gas. Changing foe degree of coal drying and foe level 
at tHiich the clear gas is extracted from the gasifier could also alter the energy split bet w ee n 
foe HTAH and MHD combustor, but foese ^preaches for design analysis were investigated only 
to a limited extent**. 


* This air temperature is also compatible with rectq;>erative air heater performance capabilities. 

** By pre-drying the coal, the total energy in the top gas is reduced but not sufficient^ to elim- 
inate an energy mismatch between the HTAH amd MHD combustor, flitting the streams 
hig^r in foe gasifier will lead to practical design problems since foe split would have to be 
in a region where rapid changes in temperature and conqmsition occur. 





To achieve an appropriate thermal balance between tiw HIAH assembly and the MHD com- 
bttstor, stqpplemental fuel was used for the MHD flow train. Two possibilities were evaluated. 

In Case 2. 0(a), pulverized coal was injected into the second stage MHD combustor to provide 
the appropriate energy match. MHD generator analysis was done assuming both zero and 86% 
slag rejection but generator performance was poor in the zero rejection case and zyatem Case 
2. 0(a) was based on the 85% slag rejection assumption. In that case the aCCeotive slag re- 
jection for the combined streams is 91%. In Case 2.0(b), the biel gas from an SPMB gasifier 
was used to sigiplemmit the fuel sigipUed to the MHD flow train so that the combustion products 
are essentially slag free. Final determination of mass and energy balances required iteration 
with the MHD generator analysis since fuel compositions affect optimum generator performance. 

3. 1.2, 5 Regenerativelv Air-Cooled Cyclone Coal Combustor 

In Case 2. 12, regeneratively air cooled vortex coal combustors are the sources for the HTAH 
assembly. This component is an extension of work currently being performed by GE as part 
of the GE/DOE Closed Cycle MHD Program^^ in which a slag rejection rate of ~ 90% .and a 
carbon conversion rate of 99% have been demonstrated while providing a combustion gas temp- 
erature of approximately 3350°F. The d^ign provides for: 

1. Integrated axial swirl injection pulverized coal, pilot fuel, primary air and secondary 
air to improve gas flow field symmetry and to reduce slag induced w^ geometrical 
effects. 

2. Controllshility of the slag and inner refractory interface temperature in order to 
establish a uniform slag layer flow which provides minimum modification of the gas 
flow field. 

3. Regeneration of the combustor beat loss into the MHD cycle by using the combustor 
cooling air as secondary combustion air. 

4. Positive bypassing of combustion product flow throus^ the slag tap to provide ccm- 
tinuous ocdflow of the slag without mechanical assistance. 

A cut-awa^ view of the prototype combustor is shown in Figure 3. 1-7. It is mounted hori- 
zontally and has an inner diameter of 12 inches and a lengtii of 24 inches. Injector swirl vanes 
are ladiatively and convectively cooled and easily changeable allowing variation <A the swirl 
angle and injection velocity. A water-cooled pilot gas burner, inside the secondary swirl 
vanes, is used to preheat the combustor system to prevent thermal shock and to attain re- 
fractory temperatures close to thermal equilibrium for coal combustion. 

The refractory liner is made of Emerald Plastic, a commercial chrome-alumina material. 

The liner remains in tight contact with a combustor inner metal shell ^diich has 72 air cooling 
grooves on its outer surface. To minimize heat loss firam the air coolant to the environment, 
a castable refractory material covers the combustor vessel inner shell. Both the combustor's 
refractory lining and the inner metal shell eapand considerably in axial and radial directions, 
so special high temperature metal bellows seals were designed and fabricated in order to ac- 
commodate differences of thermal expansion and to avoid gas exchanges between combustion 
products and cooling air. 
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V. 


Regeneratlvely Air Cooled Cyclone Coal Combustor 















For Case 2. 12 each HTAH vessel will have a bank of 5 combustors. Each unit is 6* LD. x 
12* I. L. , with a rated ciq[>acity of 0. 45 Kg/seo. Experimental data indicates that ^ 95% of the 
wall h«at transfer will be recovered in the regenerative air cooling loop with the remainder 
lost to ambient. The wall heat transfer for the scaled combustor is 12% of tiie infMit coal HHV 
so that only 0.6% is lost to ambient. The pressure dix^ for the combustor, including the re- 
generative air cooling loop, is 10%. 

3.1. 2.6 Sinpria-Sf^ ite Vortex Combustor 

The single-stage vortex combustor is assinned to be similar in design to that proposed by Avco 
in the ETF Stud^^^. To scale this combustor to commercial size plaints, ETF size modules 
(4* I. D. X 13. 6* 1. L.) were used. At a design pressure <^6.0 atm, the combustor wall heat 
tra,nsfer is 5% of the 'as fired' input coal thermal energy, with 98% of this thermal energy trans- 
ferred to cooling water and the remaining 2% lost to ambient. A pressure drop of 5% was used, 
as in the ETF stucfy. No account was taken of heat losses in manifold ducting. Analysis was 
done for both 70% and 85% slag rejection. 

3. 1.2. 7 Chemically Active Pressurized Fluidized Bed 

The chemically active pressurized fluidized bed (CAPFB) was investigated as a 'clean' fuel 
gas source for the HTAH in Case 2.17. The performance analysis for this gasification ccm- 
cept was done by the Foster Wheeler Devel< 9 ment Coiporation. Data developed during the 
GE ETF Studty was used to establish heat loss and pressure drop performance. At a design 
operating pressure of 10.2 atm, three gasifier vessels each 18.3' I.D. x 30* I. T.^. are required. 
The gasifier vessels. Figure 3. 1-8, include a sulfate geneirator compartment for a once- 
through sulfur removal process. Each gasifier has an 'as fired' coal ctq>aciiy of 17. 07 Kg/ sec 
of a pressure of 10.2 atm. About 1.4% of the coal thermal input is lost to ambient and 8% is 
transferred to internal water cooling tube bundles which are used to control bed temperature. 

An additional 0.9% heat loss is associated with spent bed material discharged from the sulfate 
generator. 

The 'off gas' from the sulfate generator (T = 1600°F) accounts for 4. 7% of the HHV but most 
of this is recovered by iv^upera^ive heat exchangers as recirculated flue gas at a temperature 
of 800^F (700 K) . Cyclone separators collect particulates and return them to the bed. The 
sensible plus chemical energy of the fuel gas (T = 1650^F) delivered to combustors mounted 
in the domes of the air heaters contains 85. 5% of the total thermal input (coal, solid sorbents, 
and air) to the gasifier. 

3. 3 . 3 HEAT LOSS SCALING FOR MHD GENERATOR 

System analysis of MUD power plants incorporating the variety of gasifiers/combustors con- 
sidered was complicated by the manner iii which these components are coupled to the high 
temperature air heater and the MlID generator, as well as the manner in which the combustor/ 
gasifier beat losses scale with fuel loading, operating pressure and operating temperature. The 
coupling of the combustor/gasifier with the high temperature air heater and the MHD generator 
depends on the design constraints of the particular combustion/ gasification system under 
evaluation (e. g. , air preheat temperature limits, equivalence ratio limits, coal preparation 




3-18 




and drying requirements, etc,). Becwse of diis compleicity it is hi^y desirable to be able to 
scale combustor/gasified heat losses from a reference design operating condition as a function 
ct mass flow rate, operating pressure and operating temperature so as to allow direct opti* 
mizatimi of the net power output from the MHD flow train without repeating the combustor 
analysis. Heat loss scaling factors were derived from the following basic types of combustion/ 
gasification systems: 

1. Gas phase or suspension type reactors where the vessel length-to*diameter ratio 
(I/O) and gas residence time (r) are fixed during scaling. 

2. Vortex or cyclone type reactors where the vessel length-to-diameter (I/O) and 
characteristics gas velocity (u) are fixed during scaling. 

3. Fixed bed, slowly moving bed or fluidized bed reactors where the bed height (L) and 
svpezficial gas residence time (r) are fixed during scaling. 

The above scaling criteria are compatible with present combustor/gasifier design practice and 
led to the devel(^ment of heat loss scaling foctors for fuel loading (m^), (derating pressure (P) 
and qperation temperature (T) which are shown in Table 3. 1-5. In this table the subscript (W) 
refers to conditions at the walls. The variables labeled (1) refer to reference design con- 
ditions and the variables labeled (2) refer to operating conditions perturbed from the reference 
dMign. Combustion pro^ct mass flow (mp) is assumed pr(^rtional to the fuel input rate 
(^), and the perturbations in mass flow, operating pressure and operating temperature are 
assumed not to produce major changes in combustion/gasification performance (e.g. , turbu- 
lent mixing, kinetics, etc.) or in characteristic heat transfer coefficients. 

Summaries of the reference design conditions for these three MHD combustor concepts are 
shown in Table 3. 1-6. The reference heat loss and pressure drop data for the single-stage 
vortex combustor and the two-stage cyclone combustor have been developed from ETF scale 
design data presented in References 3 and 15, respectively. The data presented for the moving 
bed gasifier have been extrapolated from infoinnation provided in References 6 and 7. 

For all three combustor concepts, scale-iq> to the commercial size plant is assumed to be by 
the addition of ETF size modular units with the first stage vessel sizes remaining fixed. Hot 
manifold heat losses are not accounted for in the single-stage vortex combustor concept since 
data on the vessel arrangement and/or vessel sizes for a commercial size plant are not avail- 
able. Interstage manifold heat losses are included as part of the second stage heat loss for 
both the two-stage cyclone concept and the S^PMB conc:^. For all concepts, the reference 
stagnation pressure and temperature at the exit of the MHD combustion system are 7.0 atm 
and 2800 K, respectively. To allow for wall heat transfer scaling, reference wall temperatures 
have been selected to r^ect expected operating conditions for a given type of combustor. Sec- 
ond- stage wall temperatures are set at 1900 K while first stage wall temperatures are adjusted 
downward to correspond to lower operating chamber temperatures. 
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Table 3. 1-5. Summaiy of Heat Loss Scaling Factors for Various 

Combustors/Gasifiers 


Scaling and 
Type Coabustor 

Scslliic 

V«ri«bl« 

Constraint Farsaatars 

Heat Loss Scaling 
Factor 

I loadlnt^ Scallnt 



p p 

A« Cas Fhasa Coabustor 

** 

r. t. i/D. t 

1. Surface Burning or 
Cyclone Type Coabustor 

*£ 

r. T. t/s. 0 

eanataat 

€• Moving Bad or Fluldlsad 
Bad Coabustor 


f. T. t. T 

[■^r 

XI Bffffurf, Sealing 



[P(l>/P(2)]*'’ 

A. Gas Fhasa Coabustor 

F 

T, 17», T 

B. Surface Burning or 
Cyclone Type Coabustor 

F 

X, U», 0 

tKX)/P(2)] 

C* Moving Bad or Fluldlsad 
Bad 

F 

t, t, T 

CP(1)/P(2)3^'* 

III Tsasaratura Scaling 

A* Can Fhasa Coabustor 

T 

p. t/v. r 

rT(2)V'» r«» *V.«l 

[m)j [tu) - t^aij 

B. Surface Burning or 
Cyclona Xypu 

* 

m. P, WD, 0 

rtn>i r«» : v»i 

|xa>j ltU) - 

C. Moving Bad or Fluldlsad 
Bad Coabustor 

I 

». P, L, T 

m2) - t,(2)1 
L^a)J U(i) - VDJ 


tywkol JUyi • ftMl lapuc mss flov rata (fual Xoadlss) 

" eoMbiaaeloa products mass flow rata 
? • oparatlag ehaabar praaaura of raaetor vassal 
T ■ oparatlag chsabar taaparatura of raaetor vassal 
- raaetor vassal wall tsaparatura 
L • ebaractarlstlc raaetor vassal laagth or bad haight 
B - eharaetarlstle vassal dlaaatar 

m eharaetarlstle gas velocity la raaetor vassal 
T • gas plug flov Tssidaoca tlaa or suparflelal gas rasldanca tlaa 

(1) ■ variable value at rafaranca design conditions 

(2) * variable value at new or perturbed design point 
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Table 3, 1-6. Reference Design Criteria for MHD Combustors and Nozzle Heat Loss Scaling 
















































3. 1. 4 RESULTS OF SPECIAL COMBUSTION STUDIES 


The results and conolusions presented in this section pertain primarily to the HTAH and MHD 
combustors. However, it is necessaiy to emphasize that because of the close ooiqpling be- 
tween the HTAH, the MHD combustor, the MHD generator, and seed recovery and/or fuel gas 
clean-iq) subsystems a comparison of the performance of individual con^)onents will not neces- 
sarily correhtte with changes and/or differences in overall system efficiency. The coiq>ling 
effects between the MHD combustor and MHD gmierator are particularly strong, and therefore, 
results and conclusions presented in this section will somewhat overly and shoiild be put into 
context with results and conclusions in Section 3. 3. 

One incqportant general observation is that heat loss scaling as a result of changes in plant 
size, operating pressure and plasma temperature signiff cantly Intacta overall system per- 
formance and costs. Another observation is that the composition of the plasma exiting the MHD 
combustor plays an important role with regard to overall plant efficiency and plant operation. 

Both observations may appear to be somewhat obvious but, because of subtle interactions be- 
tween combustor design and heat loss, <q;>erating conditicms, plant size, plasma properties and 
MHD generator performance, th^ merit further discussion. 

3. 1.4.1 Comparative Heat Losses in 1 and 2 Stage Combustors 

Typical results showing the variation in combustor and nozzle heat losses as a result of simul- 
taneous changes in operating pressure and chamber temperature are given in Figure 3. 1-9. 
Data are shown both for a single-stage vortex combustor with 70% slag rejection* (dashed line) 
and a two-stage cyclone combustor with 85% slag rejection (solid line). 

The nozzle and second stage heat losses, which scale in proportion to (P(l)/P(2))^^^, are less 
sensitive to pressure changes than either first stage or single-stage heat losses which scale 
in proportion to (P(l)/P(2)). For all combustors considered, increased pressure tends to in- 
crease the plasma tmnperature, but increased stagnaticm temperature tends to also increase 
heat loss, which in turn tends to restrain aiy temperature increase. Thus, there is a com- 
pensating effect between changes in heat loss and chamber temperature. The first stage heat 
loss for the two-stage combustor shown is less than the single stage combustor heat loss at 
the reference pressure of 7. 0 atm because temperature scaling was not included for the first 
stage of the two-stage combustor. (It was assumed that, to control slag vaporization, the 
first stage temperatures would be maintained at a fixed level by slight adjustments to the fuel- 
to-air ratio). Slight changes in mass flow as a result of adjustments to the fuel-to-air ratio 
will not significantly impact the first stage heat loss as this scaling factor is essentially con- 
stant. At a given pressure, the total heat loss for the single-stage combustor is only about 1% 
less than the two-stage combustor and decreases with increasing plant size and increasing 


* The reference design slag rejection for the single-stage vortex combustor is 70%. To per- 
mit an evaluation of the effects of heat loss for a given mass flow and slag rejection level, 
a case analysis was conducted assuming a slag rejection level of 85% to allow a comparison 
with the two-stage ^clone combustor concept. 
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Figure 3. 1-9. Effect of Pressure on Heat Loss for Single-Stage 
and Two-Stage MHD Combustors 

pressure. Furthermore, for the single-stage concept these estimates do not include manifold 
losses which would arise if a modular design were necessary. 

3. 1. 4.2 Considerations of Slag Re1ecti<m and Plasma Composition 

The level of slag rejection indirectly affects combustor heat loss and hence combustor per- 
formance via alterations in operating pressure resulting from the optimization of MHD gener- 
ator performance. For example, in comparing the combustor performance for Case 1.0 with 
that for Case 1.4, for optimized MHD generator performance, a two-stage cyclone combustor 
with 85% slag rejecti<Mi has a slightly higher final stagnation temperature (Tq = 2945 IQ than 
does a single-stage vortex combustor with 70% slag rejection (Tg » 2939 K). This result stems 
primarily from the i^ct that the (grating pressure for optimum generator performance is 
shifted 1^ the level of slag rejection. The optimum stagnation pressure for the single-stage 
combustor in this case is 9. 5 atm, while the qptimum pressure for the two- stage combustor 
is 10.4 atm. The increased operating pressure for the two- stage combustor does have a 
tendency to reduce the plasma conductivity, but the level of slag irejection has a more dominant 
impact on conductivity than does the pressure effect. For Case 1.0 the conductivity is 9.6 
mho/m, while for Case 1.4 the conductivity is 9. 8 mho/m. 
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The gross effects of slag rejection on oondactivlty can be seen in Figure 3. 1-10 idiich pre- 
sents conductivity data for the combustion products of Montana Rosebud as a function of plasma 
tenq>eratore. At 2800 K and 5 atm pressure, equilibrium analysis indicates die combustion of 
Montana Rosdbud with total slag oarxyover jrields a plasma with a conductivity of 12.2 mho/m. 
With 99.5% slag rejection, the conductivity is increased to about 15 mbo/m. 



Figure 3. 1-10. Combustion Product Conductivity for Several Fuels 
E = 1. 11, P = 5. 0 atm, Temperature (°K) 
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3. 1.4.3 Effect of S^PMB 'Clear Gas* on MHD Generator Performance 


Because of the adverse effects of fuel moisture, slag and other hiel conqwneats which degrade 
MHD generator output, the possibility of using CO rich 'clear gas* from a split-stream, slagging 
pressurized moving bed gasifier (S^PM^ to enhance MHD generator performance was investi- 
gated (see Section 3. 1.2.4). The 'cl^r gas' has good conductivity properties as the fuel for 
the MHD generator, and the 'top gas' which is high in l^rdrocarbons and contains released fuel 
moisture is suitable for the fuel for firing the HTAH. Conductivity data for a clear gas from 
an S^PMB is given in Figure 3. 1-10. The calculated MHD generator performance using this 
clear gas is excellent, but it is difficult to obtain an appropriate energy match between the top 
gas and clear gas to satisfy both the HTAH and MHD Combustor. Energy demands for the 
HTAH relative to the MHD combustors are on the order of 1:2; whereas, the energy split be- 
tween the top gas and clear gas is on the order of 1:1. The energy split between top gas and 
clear gas, therefore, results in excess thermal energy delivered to the HTAH. 

There are several (ptions available to accommodate this energy mismatch. One i^roach is 
to find a use for the excess thermal energy delivered to the HTAH. hi this case possibilities 
might include the firing of a separate conventional steam plant or use of the fay drocarbon- rich 
fuel as a feed stock for a chemical process plant. Another approach is to blend the 'clear gas' 
from the S^PMB with the 'top gas' from a SPMB or other sipplemental fuel so that a proper 
energy match for the HTAH and MHD combustor exists. In this latter case, the MHD gener- 
ator performance is degraded by blending of the fuels. The analysis for Cases 2. 0<a) and 
2. 0(b) indicate that the use of a clear gas alone results in about 19% more net power out from 
the MHD generator than the combined use of a S^PMB and a SPMB. In addition, the data in- 
dicate that the direct use of pulverized coal (with total slag carryover) as a siq^lemental fuel 
for the S^PMB is clearly not desirable since the net electrical output is about 20% less than the 
combined use of a S^PMB and SPMB. As a point of reference, the S^PMB/SPMB ^proach has 
about 37% less net MHD power out than the use of a single-stage vortex combustor conc^t 
(Case 2.0). The results of this investigation, therefore, indicate that the S^PMB (as pres^tly 
configured^ does not offer a significant performance improvement over the use of single-stage 
vortex or two-stage cyclone combustors. It should be noted, however, that the present S^PMB 
conc^t limited gasification air temperatures to 1300°F (978 K). If this air preheat temper- 
ature can be raised (e.g. , to 2700°F), the performance of the S^PMB may be substantially 
better than the use of single-stage or two-stage cyclone type combustors. Personal communi- 
cations with the Grand Forks Energy Technology Center indicate that the operation of a slagging 
moving bed gasifier under these conditions may be possible. Further investigation, however, 
would be required to verify this mode of operation. 

3. 1.4.4 Effect of Coal Composition on MHD Generator Performance 

Coal composition can significantly impact net MHD generator electrical output. This is due 
primarily to variations in inherent moisture content, heating value, slag content, and hydrogen 
content of the coal. High levels of fuel moisture and/or hydrocarbons which yield high con- 
centrations of OH~ are not desirable because of the poisoning effect of this negative ion on 
plasma conductivity. Fuels with high heating value are generally desirable because of their 
high flame temperature capability, but consideration must also be given to slag content, slag 
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oon^Kwitloii, and fuel conqx>altion. A ocm^iariaon of Case 1.0 with 1. 1 indioataa that about 6% 
net electrloal power is delivered by the MHD generator if niinois #6 is used versus 
Montana Rosebud. 

The effect of coal type on MHD performanoe is sufHcieiit enough to encourage an examination of 
other coal types in addition to Montana Rosebud and Illinois #6. Preliminary analysis indicates 
sidMrtantial improvements msy result from use of higher rank coals. For exanqtle, com- 
l>are the conductivity data for anthracite combustion widi die oondnottvity data for Montana Rose- 
bud and niinois #6 as shown in Figure 3. 1-11. In addition to a h4d>*r conduodvity at a given 
tenq>erature. hi|d>A]^ flame temperatures can be reacdwd with anthracite. 
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Figure 3. 1-11. Effect of Coal Type on Plasma Conductivity 
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3.2 HIGH TEMPERATURE AIR HEATERS AND OXYGEN PRODUCTION 


3. 2. 1 SYSTEM ASPECTS 

Tbe overall system efficieocy of an MHD/steam plant with indirectfy-fired high temperature 
air heaters (HTAH) is d^ra^ fr<nn tbe directly-fired HTAH case because the former con- 
figuration involvM less internal energy regmieration than the la tte r. To min i m ize the in- 
directly-fired penalty requires efficient utilization of the energy delivered to the preheat com- 
bustors, both in and downstream of, the HTAH. In additi(m to eimrgy utilization considerations, 
the design of the prebeat combustor flow train must provide for environmental control, e.g. , 
NOj(, sulfur, and particulates. 

Tbe primary focus in mintTnizing the efficiency reduction of tiie indirectly-fired system is to 
minimize fuel requirements for the preheat combustor. The following arrangements were 
evaluated for this purpose: 

1. Minimizing the energy that must be added to the MHD combustor air in the HTAH by 
mavimizing the inlet air temperature. This configuration was examined in Case 2. 16, 
where the inlet air temperature to the HTAH was raised to 1300^F by first heating the 
air in a (metallic) heat exchanger in the MHD flow train. The 1300°F air inlet case is 
termed the "hot-bottom" HTAH. 

2. Displacing fuel energy from the preheat combustor with sensible heat oi the air and 
recirculated flue gas fed to the preheat combustor. This configuration was examined 
in Case 2. 18, where the temperature of the preheat combustor air and recirculated 
flue gas was elevated to 1300^F in metalUc heat exchangers located in the MHD flow 
train. 

Both arrangements described above Involve regeneration of thermal energy from the MHD flow 
train downstream of the channel in the HRSR subsystem. 

The second consideration affecting efficiency of the HTAH system is energy recovery from the 
combustion gas after it exits from tbe HTAH. Typical gas exit temperatures from the HTAH 
vary from ISOO^F (hot bottom HTAH) to ~ 900^. This energy must be recovered, down to a 
gas temperature of ~ 300^, in downstream components. 

Both atmospheric and pressurized combustion systems were examined for the HTAH system, 
the former in all of Base Case 1 and Case 2. 12, and the latter in aU of the other Base Case 2 
configurations. Examples of both systems are shown in Figures 3.2-1 and 3.2-2. 

For the pressurized arrangement. Figure 3.2-1, the gas inlet pressure is set equal to the air 
exit pressure, e.g. , both tbe blowdown and reheat fluids are at the same pressure at the top 
of the ceramic matrix. The exit pressure of the air is determined by the pressure drop through 
the MHD components (combustor, nozzle, chaimel and diffuser), which then establishes the 
pressure of the reheat flow train. The combustion system is pressurized via the preheat com- 
pressor (PHC) which supplies 'the oxidizer to the preheat combustor (CBl, CB2). A high slag 
rejection, 2-stage, comoustion system was used for all preheat combustors (except Cases 2. 12 
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Figure 3. 2-1. High Temperetare Air Heater System, Case 2. 0 
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Figure 3.2-2. High Temperature Air Heater System. Case 2. 12 (1 atm Ck>mbuatoi) 




and 2. 18) to minimize fouling of the HTAH ceramic matrix with slag. The combustion gas flow 
from the bottoming of the HTAH is q>lit, part being recirculated to the combustor for NO^ re- 
ductioo and the remainder entering the downstream components. 

The arrangement at downstream components is also shown in Figure 3.2-1 for Case 2.0. Other 
modes at heat recovery between the HTAH exit and ESP inlet were used in some the other 
cases. A modest amount of energy is first extracted from the gas in an economizer (£CH2) to 
adjust the inlet temperature to the gas turbine (PHT), such that the turbine output power matches 
the input power requirements of the preheat conq>ressor. This arrangemeid is termed a 
balanced compressor/turbine set. The flow, before entering the turbine, is cleaned of the re- 
maining ash in an electrostatic precipitator. After pressure let-down and energy extraction in 
the turbines, the low-grade gas energy is used for coal drying (CDIQ , with the gas entering the 
flue gas desulfurization equipment, a spray dryer (described in Section 3. ^ , at ~ 300^. 

The atmospheric combustion system for the HTAH system is illustrated, with an example, in 
Figure 3.2-2. Here, two typss of combustors were evaluated. In all of the Base Case 1 de- 
sign cases, a two-stage combustion system was used whidi incoziMrates a Wellman-Galusha 
gasifier. In Case 2.12, a single-stage, regeneratively air-cooled combustor was used*. This 
combustor is presently under development by General Electric specifically for the purpose of 
coal-firing a ceramic, regenerative heat exchanger, and has demonstrated ~ 90% slag rejection. 
A two-stage (^clone combustor, used in the majority of Base Case 2 pressurized HTAH sys- 
tems, was found to be inappropriate for Case 2. 12 because of excessive beat losses at atmo- 
spheric pressure. Downstream heat recovery is via an air preheater for the preheat com- 
bustor and coal dryers, with flue gas desulfurization before exhaust to the stack. The spray 
dryer system, because it incorporates gas clean-vq> equipment, also removes any remaining 
ash from the stack gas. 

3.2.2 AIR HEATER CONFIGURATION 

3.2.2. 1 ”State-of-the-Art'* 600°F to 2700^F HTAH Subsystem with Atmospheric Pressure 
Reheat 


The SOA HTAH assemblies were extensions of concept designs developed by the Arthur McKee 
Company as a subcontractor to GE in the ETF Sttufy^. The delivered air temperature was 
2700^F with inlet air temperatures of about 600^F. For the ETF, the high temperature air 
heater size and performance characteristics were based on results of McKee's Hot Blast Stove 
Computer Program, which has been verified by extensive Held tests on existing hot blast stove 
installations. Operating and design data for the ETF SOA HTAH are given in Appendix 17 of 
Reference 1, including a comparison between McKee design data and world wide ircm and steel 
hot blast stove design practice. 

The 23* O.D. HTAH vessels of the ETF Study were scaled to 34* O.D. consistent with current 
hot blast stove designs. Internal firing with low Btu gas replaced external firing with fuel oil. 
Adjustments for the use of the low Btu gas were done using General Electric's Regenerative 


* A pressurized version of this combustor was used for Case 2. 18. 
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Heat Exchanger (RECUP) and CCE Computer Codes. Checks on analysis of heat exchangers 
with the same design criteria indicate reasonable agreement between the GE and McKee codes. 

Cases 1.0 and 1. 1 were reference desifns for Base Case 1 with other cases treated as pertur- 
bations. Reheat was at 1. 15 atm and blowdown at 8. 0 atm. Nominal air capacity of each 
vessel was 32. 7 I^sec. Changes in blowdown pressure did not affect heat exchanger design 
since the pressure drop during reheat governs the heat exchanger design to a large extent. 
Pressure drop was limited to 15%, and heat losses to ambient were set at a nominal 5% of the 
total thermal input to the HTAH assemhly. In order to limit the heat losses to 5% the com- 
bustion chambers must be integn;. with the HTAH vessels and the steel pressure shells covered 
with insulation. Flue gas recirculation was used to cmitrol NO^ and to maintain the gas temper- 
ature at the top of the matrix at SOOO^F (1922 K). 

3.2. 2.2 600^F to 3000**F Air HTAH Subsystem with Atmospheric Pressure Reheat 

This HTAH ccmcept is an extension of the SOA HTAH to higher temperature operation through 
the use of h^h quality (99. 5% alumina versus 90% alumina) refractory materials. Capital cost 
considerations generally do not permit the use of advanced refractories with SOA heat ex- 
changer designs. This ctmc^ was investigated to assess the effects of capital cost investment 
for hie^er quality refractories in a SOA heat exchanger and the corresponding impact of per- 
formance change in MHD power output as a result of hig^r preheat temperatures. A 3000^F 
exit air temperature is assumed, and the corresponding inlet air temperature is about 600*^F. 
The pressure drop was limited to 4%, and the heat losses were set at 5% of the total thermal 
input for all (grating pressures, which varied between 6. 8 and 11. 1 atm. 

The analysis for the advanced air heaters in Base Case 2 was also condttcted by application 
of the General Electric RECUP and CCE conq>uter programs. For all advanced cases, flue gas 
recirculation was utilized to control NO and to maintain the gas temperature at the top of the 
HTAH mafrix at 3300^F. 

3.2.2. 3 SOO^F to 3000^F Air HTAH Subsystem with Pressurized Reheat 

This HTAH subsystem is an extension of the advanced pressurized reheai/pressurized blow- 
down conc^t developed during the GE ETF Stucty. As with the atmo^heric pressure concept, 
the use of high density alumina (99. 5% alumina) allows a maximum delivered air temperature 
of 3000^F. Some importance differences between this concept and those discussed above are 
as follows: 

1. For the advanced ETF concept, high purity alumina refractory was used for the 
entire matrix column as well as for the core liner. 

2. The advanced heat exchanger with pressurized reheat is designed for thermal stress 
limits rather than pressure drop limits. The use of high purity (99.5%) alumina re- 
fractories for both the matrix column and the hot core liner allows higher operating 
temperatures than a HTAH utilizing lower purity (90%) alumina. In additl(»i, the 
thermal stresses are higher than for a HTAH with similar refractories but operating 
with atmospheric reheat. In essence, pressurized operation during both reheat and 


blowdown allows a closer aiqproach to a thermal stress limit design. Therefore, a 
more compact HTAH vessel can be designed. A theoretical elastic stress limit of 
2000 psi was used in the design anafysis for this advanced conc^ and is a level at 
which short term thermal stress cracking has iiot been observed with Norton AH 299A 
alumina cored brick in actual r^enerative heat exchanger operation at G£. 

3. PressurL^ed (^ration during rtiieat and blowdown has the added advantage of requiring 
almost no pressure differential across the hot blast valves which then serve only a 
stream Isolation function. Matching the reheat and blowdown pressures also elimin- 
ates ropressurization purge cycles. 

3. 2. 2. 4 1300*^F to 3000°F Air HTAH Subsystem with Pressurized Reheat 

Raising the temperature of the bottom of the heater to a temperature consistent with 1300°F in- 
let air permits greater thermal energy reg«ieration, hence higher plant efficiency. Also, the 
cost of the HTAH itself can be reduced by shortening of the bed height due to the decrease in 
air AT across the HTAH; i.e. , (3000®F - 1300®F) versus (3000®F - 600®F). Recent work at 
the University of Montana and at FluiDyne Engineering Co. also indicates the possibility of 
eliminating the problem of flyash plugging fay periodically heating the bottom of the unit to a 
temperature sufficient to melt oijt slag. 

Detailed engineering designs for a hot bottom heat exchanger to be fired fay a cyclone combustor 
with greater than 90% slag rejection are currently being develc^d by GE with des^ and con- 
sulting support from FluiDyne Engineering Co. The design incorporates a ceramic arch to 
avoid Hie necessity of a water cooled sigiport grate. 

3.2,3 OXYGEN PRODUCTION 

The viability of using ozygen enrichment as a siqiplement to or replacement of the HTAH sub- 
system is highly dependent on the jshaft power required for oi^gen production. Since the ob- 
jective is simply to increase O 2 /N 2 ratio, production of pure O 2 is not essential and recent 
data from Lotepro, Inc. , New Yort:, N. Y. as furnished 1^ NASA LeRC^ indicates that O 2 gas 
can be produced for 197 . 8 KW-hr/ton of equivalent pure 0^ delivered at atmospheric pres- 
sure and ambient temperature. This is a substantial improvement over the value of approxi- 
mately 300 KW-hr/ton used in the GE ETF i*tu4y^. 

NASA LeRC slso furnished cost data for the plant indicating a turnkey cost of $35 million for 
a 2000 Ton/ day plant or $100 million for three such plants. 

These data were used to incoiporate O 2 production without attempting to integrate the O 2 plant 
into the rest of the facility. 

Thermochemical O 2 production was not investigated but might provide a more efficient means 
of providing stg^lementazy oxygen. Membrane diffusion is another technique for increasing 
the O 2 /N 2 ratio but cost increases linearly with volume required and membranes are not com- 
petitive even at ETF size^. 
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S.3 MHD GENERATOR 
3.3»1 INTRODUCTION 

Results are presented of calculations that determine the performance of the MHD generator 
conq)onent consistent with overall MHD/ steam power plant system requirements. Special 
em phaaig is given to the treatment of the coupling between the MHD generator and the com- 
bustor. This coiq)ling occurs, for example, as a result of the dependoice of the generator 
performance on combustor heat loss and the variation of the heat loss with the operating pres- 
sure, which, in turn, is determined from an c^timization of the net MHD generator electrical 
power. The net MHD output electrical power is determined by subtracting from the gross 
MHD electrical output, the compressor power required and also, if sq)plicable, the power to 
produce oxygen for oxygen enriched combustion. 

The generator performance calculations to be discussed here are listed in Table 3. 3-1; these 
cases cover the major parametric effects addressed in the stu(fy. The nominal conditions for 
the parametric ttud^ are listed in the footnote to Table 3. 3-1, and the parametric effects 
stu<Ued in each t ase 'are explained in the far right-hand column. The use of C^-enriched com- 
bustion is considered for Base Cases 1 and 3, and the common effects considered in each of the 
base cases are si igle-stage and two-stage cyclone combustors, Montana Rosebud (MR) and 
HUnois #6 (16) coel, and increased magnetic field. In Base Case 2, the effects ci Cs seed 
(Case 2.5), a supersonic channel (Case 2.6) and reduced thermal size (Cases 2. 10 and 2.11) 
are studied. The effects of a S^PMB gasifier are considered in Cases 2.0(a) and 2.0(b). Also 
in Base Case 2, the efltects of a constant electrical stress chaimel are studied In Case 2.16 by 
allowing the magnetic field to vaiy as required to satisfy the constraint of a constant, maximum 
transverse electric field ci Ey ^ = 4 kV/m. 

3.3.2 ANALYTICAL MODELS 

The three essential analytical elements required to calculate generator performance are: (1) 
characterization of the thermodynamic and transport properties of the coal/ air/ seed combustion 
product working fluid; (2) determination of the combustor size, flame temperaturd and heat 
loss; (3) prediction of the electrical and gas dynamic performance of the MHD generator. The 
combustor analysis and the heat loss scaling relationship are discussed in Section 3. 1. The 
anafytical models used in this work for items (1) and (3) above are discussed in the following 
sections. 


3. 3. 2.1 Coal/Air/Seed Working Fluid Properties 

The coal/ air/seed working fluid properties are calculated using the CCE (Coal Combustion 
Equilibrium) computer code. Appendix C. 

For all of the cases considered, the overall fuel-to-oxidizer ratio (0 ) for the coal combustion 
is determined by the relationship 0 = 0 s 0E’ '^S fuel-to-oxidizer ratio for 

stoichiometric combustion and 0^ is the equivalence ratio. A single value of the equivalence 
ratio is used h\ this stucfy, which is 0 £ = 1 / 0.9 = 1 . 1111 . This corresponds to a fuel rich 
condition involving 90% of the oxidizer required for stoichiometric combustion. For the cases 


Table 3.3-1. Parametrio Cases for MHD Generator/Combustor Performance Stu<]^ 
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with O2 enrichment, the percentage level of O2 enrichment is specified by the value of the 
parameter RO21 defined as (# kg pure O2/I kg moist, nominal air) x 100. 

The seed material is a mixture of K2CO2 and K2SO^ with just enough added to chemi- 

cally combine with the elemental sulphur in the coal. The amount of seed material added is 
based on providing 1% K element by weight relative to the total coal/ air/ seed mixture for con- 
ditions of zeiro O2 enrichment. This seed loading is ^proximately optimum for the coals and 
fuel-to-air ratio (90% of stoichiometric aii) used here because larger seed fractions tend to 
reduce the combustor flame temperature and thus the electrical conductivity. The seed-to- 
coal mass ratio corresponding to the conditions of 1% K of zero O2 enrichment is kept fixed 
for the cases with O2 enrichment. This results in an element weight percentage greater than 
unity because, for the same thermal input to the combustor, the total coal/ air/seed mass flow 
rate is lower than 02-enriched air. Seed reprocessing results (Section 3. 9) suggest the direct 
use of potassium formate as the seed material in future analyses. 

3. 3.2.2 Generator Performance Analysis 

The MHD generator performance results have been obtained for a linear, Faraday channel us- 
ing a quasi-one-dimensional, core flow plus integral boundary layer analysis. In its basic 
form, this analysis has been previously applied and validated in the generator performance 
study for ETF. The computer code utilized has since been modified to account for the com- 
bustor and generator coupling and to determine automatically a generator solution that satisfies 
certain prescribed constraint ccmditions. 

Figure 3.3-1 shows schematically how the MHD generator analysis Is coupled to the analyses 
describing the coal/ air/ seed working fluid properties and the combustion and nozzle heat loss 
scalling relationships. The combustor and nozzle are coupled to the generator through the in- 
fluence of the pressure (Po i) on the combustor heat loss, which determines the delivered com- 
bustor temperature available to the nozzle and generator. The combustor heat loss also depends 
on the combustor temperature and the mass flow rate as well as on the pressure. Because the 
generator performance optimization discussed below involves essentially a search for an opti- 
mum operating pressure, it has been very advantageous in this parametric study to utilize the 
heat loss correlations developed here for the vortex, cyclone and gasifier combustors that ac- 
count for the effects of pressure, temperature and mass flow rate. 

For given coal/ air/seed properties and the thermal input power to the combustor, (P'x'H 
generator output obtained includes the gross electrical output power operathig stag- 

nation pressure (p^ ^), the velocity gradient (u’) and the generator area ratio (Af/A^) or the 
Faraday generator loading parameter (K) . ^y an iteration of these latter three quantities, a 
generator solution is obtained that satisfies specified constraint values for exit stagnation pres- 
sure (Po f), maximum Hall field (E^, max) Mach munber (Mf). This iteration is accom- 

plished using a coupled Newton-Raphson solution approach with the necessary partial derivatives 
for the 3 X 3 solution matrix calculated uumerically. Specifying the velocity gradient of the MHD 
core flow is advantageous because this removes the singularity in the differential equation that 
occurs at M = 1, and the numerical integration can be executed rapidly and without numerical 
difficulty for near-solic generator flow conditions. For best performance, the velocity should 


3-36 



Figure 3.3-1. Schematic Approach lor Coiq;>led MHD Generator/ Ccmbuetor Performance 
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be accelerating or decelerating for subsonic and supersonic generators, respectively. For both 
cases, the tendency is toward a sonic condition at the generator exit when electrical energy is 
extracted. 


The analysis provides two options with regard to the channel area shape, A(;0 , and the Faraday 
loading parameter, K. One option allows the loading parameter to be input and the analysis 
computes the required channel area distribution. However, the nominal program option utilized 
here inputs the area shiqm and the analysis computes the loading distribution and the other 
solution parameters that are consistent with the specified constraint conditions. The area dis- 
tribution utilized here is described 1^ a third-order function that satisfies conditions on tlw 
entrance and exit area slopes along with values for the inlet area and the area ratio. Exit area 
is determined as part of the generator solution procedure. The selected channel shape, with 
small entrance and exit region slopes, gives near open circuit loading conditions and small 
axial field values in the end regions to minimize end losses associated with circulating Hall 
currents. Also, with the current density proportional to dA/dx a large channel exit slcpe can, 
in conjunction with the low exit region working fluid temperatures, cause the Hall field to in- 
crease to unacceptably hig^ levels, leading to a compromise in the generator performance. 


The no minal magnetic field distribution used for the performance calculations has a 6-5 Tesla, 
linearly-tapered, active field region bounded 1^ entrance and exit fringe field r^ions of one 
meter length over which the field decreases linearly to a value of 2 Tesla. This nominal field 
distribution is shown in Figure 3.3-2 compared with the Case 2. 16 magnetic field distribution, 
determined to satisfy a constraint of Ey > 4 kV/m. The Case 2. 16 solution for the magnetic 
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Figure 3. 3-2. Comparison of Nominal and Calculated Magnetic Field Distribution 
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induction is obtained from the Ohm's law relation Ey*4 kV/m. This is 

actually a nonlinear equation in B because, in the present formulation with the velocity gradient 
specified, jy ^ l/B. 

The performance results show that there is an operating point where the net MHD generator 
power is a maximum. Although the gross MHD dectrical output power generally increases with 
operating pressure (for fixed exit pressure), the rate of this increase eventually becomes less 
than of the required conq>ressor power, and the net MHD electrical power passes through 
a maximum. For such a situation, the net gmerator power is said to be "compressor-power- 
limited." Because the Hall field also tends to increase with operating pressure, a maximum 
allowable Hall field value can occur before the maximum net power point is reached, and for 
this situation the net MHD power is said to be electric-stress-limited. As an exanq>le of com- 
pressor-power-limited performance. Figure 3.3-3 shows the calculated performancr results 
for Case 1.0. The performance optimization approach involves obtaining generator solutions 
for a range of operating conditions spanning either the compressor-power or the electric-stress- 
limited operating point. As shown in Figure 3. 3-3, the optimum net electrical power is a rela- 
tively weak function of the operating pressure. Thus, it may be advantageous to accept a small 
performance penalty by operating at a pressure higher than the optimum in order to take ad- 
vantage of potential lower combustor and air heater costs resulting from reduced physical sizes 
at higher pressure. 
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Figure 3. 3-3. Case 1. 0 Results Hlustrafing Optimization of Net MHD Electrical Power 
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For purposes of the generator performance optimization studies, the single-stage, specific 
compressor power is eoqiressed in terms of the compressor pressure ratio and isentropic 
efficiency. The isentropic efficiency is calculated as a hmction of the pressure ratio and the 
polytropic efficiency, with the latter assigned a value here of 0. 89. To account for pressure 
losses between the compressor and the generator, the compressor outlet pressure is taken to 
be ten percent higher than the inlet operating pressure of the MHD pressure (pQ £>. To cal- 
culate the required O2 power for the enricdied cases, a specific 0^ power of ’o. 786 MW- 
sec/kg is used. 

3.3.3 PERFORMANCE RESULTS 

The performance studty results for selected parameters are presented in Tables 3.3-2, 3.3-3, 
and 3.3-4, Base Cases 1, 2 and 3, respectively. The values tabulated are the MHD generator 
gross elec^cal output power t generator power , the delivered combustor 

stagnation temperature (Tq) , the generator entrance stagnation pressure (p^ ^ , the generator 
entrance elec^cal conductivity (o^) and the maximum axial (Hall) and transverse electric field 
values (Ejj and Ey^ respectively. 

Table 3.3-2. Base Case 1 MHD Generator Pezformance 


Case 

Pel 

(MW) 

PnET 

(MW) 

To 

(K) 

Po,i 

(atm) 

(mo /m) 


E 

v.max 

(Kt/m) 

ap^et 

(%) 

1.0 

654.2 

459.8 

2945 

10.44 

9.56 

1.66 

4. 14 

Reference 

1.1 

691.6 

489.2 

3000 

11.38 

11.51 

1.52 

4.18 

+6.39 

1.2 

590.3 

430.4 

2789 

7.65 

5.99 

2.77 

3.98 

-6.39 

1.3 

702.7 

499.6 

2956 

11.41 

9.37 

1.89 

4.96 

+8.66 

1.4 (70%) 

634.6 

449.2 

2939 

9.48 

8.76 

1.72 

4. 14 

-2.31 

1.4 

664.4 

469.2 

2955 

10.44 

10.04 

1.60 

4. 15 

+2.20 


All cases are for 85% slag rejection unless noted otherwise. 
All cases are with air + 1.0% O 2 unless noted otherwise 


3.3.3.1 Base Case 1 

An O 2 enrichment level of Rq. = 10% is used for all the Base Case 1 cases except for Case 1.2, 
which does not use O 2 . This level is optimum value for the conditions of Case 1. 0 as deter- 
mined by calculations for Case 1.0 with varying O 2 enrichment. It has been assumed that a 
10% O 2 enrichment level is approximately optimum for the other Base Case 1 cases as well. 
Table 3.3-2 shows that the range in the predicted gross electiical power for the Base Case 1 
cases is from 634.6 MW to 702.7 MW, while the net power range is from 449.2 MW to 499.6 
MW. The O 2 power is 32.7 MW for all the O 2 enrichment cases so that the compressor power 
for the combustion air accounts for most of the difference between the net and the gross power 
values. 
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Table 3.3-3. Baae Caae MHD Generator Perfo 










Table 3. 3-4. Base Case 3 MHD Generator Performance 


Case* 

Pel 

(MW) 

%ET 

(MW) 

To 

(K) 

Po,i 

(atm) 

(mho/m) 

^,max 

(k^^/m) 

Ey,max 

(kV/m) 

APjjet 

(%) 

3.0 

560.1 

350.6 

2946 

9.30 

8.55 

1.37 

4.12 

Reference 

3.1 

613.5 

386.3 

3000 

11.71 

10.40 

1.34 

4.17 

+10.18 

3.2 (85%) 

585.1 

361.4 

2964 

11.61 

9.24 

1.39 

4.13 

+ 3.08 

3.4 

550.6 

337.5 

2925 

! 

9. 30 

7.65 

1.47 

4.11 

- 3.74 

3.5 

658.3 

421.9 

.1 

2990 

12.95 

8.05 

1.86 

5.76 

+20.34 


* All cases are for 70% slag rejection unless noted otherwise 
All cases with air + 40% O 2 


As noted in Table 3 . 3 - 2 , a 6.39% decrease in net electrical power is predicted for Case 1.2 
relative to the Case 1. 0 reference value of 459 . 8 MW. This decrease is the result of the lower 
delivered temperature (2789 K vs 2945 K) without O 2 enrichment and the lower resulting gen- 
erator entrance conductivity. The Case 1.2 maximum Hall field value of 2. 77 kV/m is largest 
among the Base Case 1 cases because Case 1.2 has the lowest working fluid temperatures. The 
largest parametric effect for Base Case 1 is the 8 . 66 % increase in net power for Case 1.3, 
which has a 7-6 Tesla field instead of the nominal fi^d with a 6-5 Tesla ti^r. This power 
increase is due, in part, to a larger transverse electric field (£y^ » 4. 96 kV/m) , which 

varies as the product uB. Also, the higher field shifts the point of optimum generator power 
to a higher pressure and this has the beneficial effect of reducing the combustor heat losses. 

A relatively large net power increase of 6 . 39% is also predicted using 16 coal (Case 1. 1 ). The 
high temperatures and conductivities for Case 1. 1 are the combined result of a larger HHV and 
a lower moisture content for 16 coal compared to MB coal. As indicated in Tables 3. 3-3 and 
3. 3-4, similar effects are predicted for the Base Case 2 and 3 cases considering 16 coal. 

Table 3. 3-5 summarizes the predictions for Base Cases 1-3 to show the effect of coal on 
net MHD electrical power. For all three base cases, using 16 coal gives an approximately 30 
MW increase in net power; however, on a percentage basis, the net power increase is 10.18, 
6.39 and 5.86 percent for Base Cases 3, 1 , and 2 respectively. Since the corresponding O 2 
enrichment levels are 40, 10 and 0 percent, this result appears to suggest that a larger relative 
effect of 16 coal can be e:^cted when O 2 enrichment is employed. 

The Base Case 1 results indicate a slig^y lower pexfoinnance for a single-stage vortex com- 
bustor with a 70% slag rejection (Case 1. 4) than for a two-stage cyclone combustor with 85% 
slag rejection (Case 1 . 0 ). The cotq>led heat loss scaling and slag rejection phenomena are 
responsible for the predicted results and important considerations for the design of the MHD 
generator and combustor components. Similar trends are noted in the Base Case 2 and 3 re- 
sults that compare combustor type and slag rejection, and a separate discussion of these 
effects is given in a section following the discussions of the other Base Case 2 and 3 results. 
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Table 3.3*5. Effect of Coal Type on Net MHD Electrical Power, 

^NET 


CASE 

MR COAL 

16 COAL 

BASE CASE 

(CASE) 

70%* 

8fi%** 

(CASE) 

70%* 

85%** 

1 

(1.0) 

— 

459.8 

(1.1) 

— 

489.2 

2 

(2.0) 

469.5 

— 

(2.1) 

497.0 

— 

3 

(3.0) 

350.6 

— 

(3.1) 

396.3 

— 


* Single-Stage Vortex 
** Two-Stage Cyclone 


3.3.S.2 Base Case 2 

Tbe Base Case 2 parametric cases which consider the effects of combustor type (Cases 2.0, 
2.0(a), 2.0(b), 2.2) and coal type (Case 2.1) are discussed elsewhere. This section discusses 
the other Base Case 2 cases, which consider the effects of cesium seed (Case 2.5), stqwr- 
sonic generator (Case 2.6), reduced thermal size (Cases 2. 10 and 2.11) and magnetic field 
(Cases 2. 7 and 2. 16). Each of these cases utilizes a single-stage vortex combustor with 85% 
slag rejection; thertfore, as can be noted in Table 3.3-3, the indicated relative net power 
performance is based on using as a reference tLe Case 2.0, sin^de-stage, 85% slag rejection 
prediction of 491.4 MW. 

A relatively large 10.25% increase in net power is predicted for Case 2. 5 with cesium seed. 

This is the result of a larger conductivity, which is indicated In Table 3.3-3 by the generator 
entrance value of ai ^ 11.27 mho/m. In addition, the larger pressure (9.66 atm) reduces the 
combustor heat loss and thus increases the delivered combustor stagnation temperature (2886 IQ . 
To obtain tbe cesium seed results, the calculated potassium elemeitf (K) conductivities are 
vcaled, keeping the condition of 1% by weight of seed element and accounting for the effect of 
tu3 differences in the Cs and K ionization potentials on die electron density. 

The net power prediction for the supersonic channel (Case 2. 6) is 471.9 MW, which is approxi- 
mately 20 MW lower than the subsonic channel reference case. This 3. 97% decrease in power 
is the result of lower generator temperatures caused by the initial siqpersonic eoqpansion. The 
lower temperatures increase the Hall field and this requires cperation at a lower area ratio 
and a lower pressure (6. 16 atm) in order to limit the maximum Hall field value. The lower 
operating pressure tends to increase the combustor heat loss and this compounds the low temp- 
erature problem. Along with the Hall field, the maximum transverse electric field (6.09 kV/m) 
is highest far the supersonic channel case. The 471. 9 MW net power value is the electric- 
stress-limited value. Approximately 12 IvIW more i)ower could be achieved by operating on a 
higher pressure at the conpressor-power-limited optimum point, but the corresponding maxi- 
mum Hall field value would then be about 3. 6 kV/m. 
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The largest effect among the Base Case 2 cases with Pjjj q > 2800 MW is the 13. 21% net power 
increase predicted for Case 2. 7, which has an 8-7 Tesla magnetic field. The larger field in- 
creases the induced transverse electric field and this increases the output power. The 3 kV/m 
maarimum Hall field value indicates an eleotric-stress-Umited performance; however, the elec- 
tric- stress-limited operating point and the compressor-power-limited optimum power point 
are nearly identical so that the potential net power increase is only a few m^awatts larger than 
the 556. 3 MW value noted. Cases 1. 3, 2. 16 and 3. 5 also consider the effects of magnetic field. 
Unlike the Case 2. 7 result, the net power increases predicted for Cases 1. 3 and 3. 5 are not 
electric-stress-limited. This is because the generator temperatures are hi^er for the Base 
Case 1 and Base Case 3 conditions and this keeps the Hall field low. The approximately 72 MW 
net power increase noted for Case 3. 5 is the largest observed anumg the cases compared. The 
Case 2. 16 performance corresponds to a magnetic field determined to satisfy a constraint of 
a constant transverse electric field. The predicted net power is 513. 1 MW, which is a per- 
formance increase of 8. 08 % compared to the reference case with a 6-5 Tesla field. This is a 
very attractive case considering that excessive electric stress conditions are not required to 
achieve this performance, the maximum Hall field and transverse field values being 2. 85 kV/m 
and 4. 07 kV/m, respectively. The magnetic field required to achieve the Case 2. 16 perform- 
ance is shown in Figure 3.3-2. The maximum field value is 7.56 Tesla, occurring at an axial 
disfimce of 3. 2 m. 

The dfects of thermal size are investigated in Base Case 2 for Cases 2. 10 and 2. 11, which 
correspond to thermal ii^nits and generator lengths of 1500 MW, L ■ 15m and of 2000 MW, L ■■ 
20m, respectively. The shorter channel lengths are a compromise between obtaining a ^<gh 
enthalpy extraction and having an excessive length to diameter ratio for a given thermal size. 
Relative to the 491.4 MW net power value for the 2800 MW reference case, the performance 
decreases are 33. 35% and 54. 54%, respectively, for Cases 2. 11 and 2. 10. This variation 
is £q)proximately linear so that the net MHD power can be expressed as a linear function of 
the thermal iniMit power over the range from 1500 - 2800 MW with a maximum error of only 
2 - 3%. 


3.3.3 EASE CASE 3 

The performance results for Base Case 3 are all obtained for a 40% Og enrichment. This is 
an qptimum value-as determined in calculations for case 3.0, and it is assumed to very nearly 
optimiun for the other Base Case 3 cases. As shewn in Table 3.3-4, the net pov'er pre- 
dictions for Base Ca^ie 3 are about 100-120 MW less than the results for comparable cases in 
Base Cases 1 and 2, but the corresponding differences in the gross electrical power pre- 
dictions are smaller. The required Og power for Base Case 3 of about 85 MW is responsible 
for the reduced net electrical power. The delivered combustor stagnation temperatures and 
the operating pressures are generally highest for Base Case 3. The high temperatures keep 
the conductivity high and the Hall field low, and the high pressures are advantageous with re- 
gard to combustor heat losses that determine the delivered sti^nation temperature. The effects 
represented by ' * 3es 3.0, 3.1, 3.2 and 3.5 are discussed elaewhere. Case 3.4 considers the 
effect of a decrease in the air preheat temperature value from 1300K to HOOK. The predicted 
effr ;t is a 3.74% decrease in the net power. Although smaller net power is predicted for Base 
Case 3, the overall system efficiency can still be comparable to that for Base Cases 1 and 2 
because of the extra fuel needed by the latter to satisfy the energy requirements of the indirect- 
ly-fired high temperature air heater components. 
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3.8.4 COMBUSTOR TYPE AND SLAG REJECTION EFFECTS 


TiJile 3.3-6 smnmaxlzM th« result* obtsioed ior Base Cases 1, 2 and 3 considering the ^ects 
oC combustor type and rejection. Sin^e-stage vortea and two-stage cyclone combustors 
are oon^pared in all three base oases, and Base Case 2 considers in addition a S^PMB gasifier/ 
combustor. For all diree base oases the predicted performance for the single-stage vortex 
and the two-stage qrolone combustor is comparable; however, the interesting result is chained 
fhAt the single-stage vortex performance witii 70% slag rejection is less than that of the two- 
stage ^olone with 85% slag rejeotimi. The gasifier performance is the lowest of the three 
combustor types considered, but foe performance for foe best gasifier case is only 2.88% below 
fhmt of a sli^lA'Stage vortex with 70% slag rejection. This result is obtained for Case 2. 0(i^ 
(91%) and is periiape optimistic because of foe hty^r 85% slag rejection assumed for foe added 
coal. The Case 2.0(a) gasifier results are seen to be very sensitive to foe overall slag re- 
jection rate. 


Table 3. 3-6. Effect of Combustor Type and Slag Rejection on Net 
MHD Electric Power, PjjET 


CASE 

SINGLE-STAGE 

VORTEX 

TWO-STAGE 

CYCLONE 

S^PMB GASIFIER 

BASE CASE 

(CASE) 

70% 

85% 

(CASE) 

85% 

(CASE) 

99.85% 

91% 

38% 

1 

(1.4) 

449.2 

469.9 

(1.0) 

459.8 





2 

(2.0) 

469.5 

491.4 

(2.2) 

475.9 

(2.0a) 

— 

— 

366.5 







(2.0a) 

— 

456.0 

— 







(2.0b) 

1 

448.7 

— 

— 

3 

(3.0) 

350.6 

— 

(3.2) 

361.4 






The shsg rejecticm effects are also evident in foe single-stage vortex combustor comparisons 
for Base Cases 1 and 2. For Base Case 1, foe effect on the net power of increasing foe slag 
rejection from 70% to 85% is 4.5% (Case 1.4), and is 4.66% (Case 2.0) and 5.17% (Case 2. 11) 
for Base Case 2. This slag rejection increase for foe single-stage vortex combustor is suf- 
ficient to boost its performance above font oi foe two-stage cyclme. The slag rejection effect 
on performance is foe result of the adverse effect on electrical conductivity of ash species 
negative ions, which are present in larger ccmcentrations as the slag rejection is decreased. 
The itiftgnifaiHft of foe effect is such that in spite of lower heat loss, the net power predictions 
for a single-stage vortex combustor with 70% slag rejection are lower than those for a two- 
stage cyclone with 85% slag rejecticm. The combustor and generator coupling is important 
because foe refoiced conductivity lowers foe value of the pressure giving optimum generator 
performance and this tends to increase foe combustor heat lose, which scales inversely with 
foe pressure. 
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; linparing the single-stage (70%) and two-stage (85%) net power predictions given in Table 
3.U-5, it is seen that there is approximately a ten (10) MW advantage for the two-stage com- 
bm^tor for each of the three base cases. However, tho corresponding percentage increases 
are 1.36, 2.36 and 3. 08 percent for Base Cases 2, 1 and 3, respectively, indicating an in- 
creased relative effect of combustor types for cases with enrichment. 

' he effects of slag rejection and the generator/ combustor cot^ling are dramatically demon- 
^f,rated by comparing the Case 2.0(a) results for 38% and 91% overall slag rejection shown in 
Table 3.3-6. The net power prediction for a 38% slag rejection is smaller by almost 90 MW. 
This large performance reduction is caused, in pert, by the decreased conductivity associated 
with a low slag rejection. The lower conductivity tends to increase the Hall field and this re- 
duces the performance by requiring a lower channel area ratio and lower operating pressure 
to limit the Hall field. The lower pressure, in turn, increases the gasifier combustor heat 
loss, which scales inversely with pressure, and this compounds the original conductivity effect 
by lowering the delivered working fluid temperature. It is noted that the performance for this 
case is electric-stress-limited; that is, higher net MHD powers are possible at higher pres- 
sures, but this is not allowed because the corresponding maximum Hall fields are greater than 
the imposed design limit of 3 kV/m. 

3. 3. 5 THERMAL EFFICIENCY SENSniVnT 

To estimate the sensitivity of the thermal efficiency to variations in the net MHD power, a 
simplified energy balance expression for the thermal efficienQr is egq>ressed solely in terms 
of the net MHD power. To do this, appropriate values are assigned to the steam plant and 
the HTAH efficiencies and to a parameter accounting for cycle heat losses such as coal drying 
and stack losses. The gross electrical power predictions for a given base case are also cor- 
related as a linear function of the net MHD electrical power. The resulting thermal efficiency 
fiaq>ression is a linear function of the net power, and this expression is differentiated to give 
the desired sensitivity. E:q)ressed as the percent change in thermal efficiency per unit per- 
cent change in the net MHD power, the sensitivity results obtained for Base Cases 1, 2 and 3 
are 0.069, 0.066 and 0.058, respectively. Thus, a 10 percent change in net electrical power 
results in a 0.6 - 0.7 percent change in the overall thermal efficiency. Since the variation in 
the net electrical power is in the 5 - 10 percent range for the majority of the parametric cases 
considered in this stuc^, the corresponding overall differencris in thermal efficiency fall with- 
in the 0.5 - 1.0 percent range. Thus, the theimal efficiency is seen to be relatively insensi- 
tive to the MHD generator performance for the magnitude of the parametric effects predicted 
in this stuify. Among the cases considered, however, the best performance should be obtained 
for the Base Case 2 system concept with 16 coal, a two-stage cyclone combustor with 85% slag 
rejection, a subsonic generator, and a magnetic field distribution consistent with a constant 
transverse electric field of 4 kV/m. 

3. 3. 6 GENERATOR AND COMBUSTOR PERFORMANCE CONCLUSIONS 

The major conclusions of the generator and combustor performance study are as follows: 

1. For the majority of the cases considered, the optimum net MHD generator power is 
compressor- power-limited rather than electric-stress-limited. 


1 


2. The optimum net power is a relatively weak function of the operating pressure and it 
may be advantageous from the overail ^sterns perspective to cerate on the high pres- 
sure side of the optimiun point to take advantage of potential lower costs of the com- 
bustor and air heater components as a result of reduced sizes at high pressures. 

3. The generator and combustor performance analyses have been coupled through the use 
of combustor heat loss correlations that scale the effects of pressure, temperature 
and mass flow rate. The dominant coupling mechanism is the result of a combustor 
heat loss that varies inversely with the pressure and the influence of this heat loss and 
of the combustor slag rejection on the value of the optimum generator operating pres- 
sure. 

4. Comparable generator performance is obtained using single-stage vortex or two-stage 
cyclone combustors; however, the single-stage vortex performance is lower for a 
slag rejection of 70%, but it is higher for a slag rejection of 85%. The S^PMV gasifier 
conc^ gives the lowest MHD generator performance among the combustor types con- 
sidered. This is primarily the result of the gasifier's lower average air preheat 
temperature. 

5. The influence cf combustor slag rejection on MHD generator performance occurs as 
a result of an effect of ash species negative ions on electrical conductivity. 

6. A 5 - 10 percent increase in net electrical power is predicted for Illinois #6 coal com- 
pared to Montana Bosebud coal. This indicates a relatively strong effect of coal type 
on MHD generator performance. 

7. Generator performance increases on the order of 10 - 20% are predicted for an in- 
crease in the peak field from 6 Tesla to 8 Tesla. This performance Increase occurs 
as a result of larger induced transverse electric fields which are in the 5-6 kV/m 
range. 

8. For the nominal 2800 MW thermal size, the thermal efficiency is relatively insensi- 
tive to changes in the net MHD generator power. For the magnitude of the generator 
performance effects predicted here, the variation in thermal efficiency should not 
exceed 1 percent. 

9. Among the system conc^s and parametric cases considered, the best performance 
should be obtained for the Base Case 2 plant concept with 3000^F air preheat, zero O2 
enrichment, 16 coal, two-stage vyclone combustor, subsonic generator of 25 m length 
and a magnetic field distributio.. determined to give a constant transverse electric 
field of 4 kV/ m. 
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3.4 MAGNET 


Primary effort on magnet evaluation was the determination of size, wei^t and cost for all 
cases. Scaling was based on design data for the AVCO BL6-1 base load magnet^ (a circular 
saddle design). This design was used since it is a base load design relatively close in size 
to the PSPEC requirements and because it was the only base load magnet of this size range 
on which significant design data was available. 

Four cases were evaluated in some detail, by GE’s Energy Systems Products Department 
(ESPD), three of them for a maximum field of 6 Tesla at sizes corresponding to nominal 
plant output power levels c-i 1257 MWe, 887 MWe and 655 MWe and one for a maximum field 
of 8T at a plant output of 1293 MWe. An estimate was then made by GE-ESPD of the change 
in wei^t and cost for +20% to -40% changes in warm bore diameter at the MHD generator 
exit and generator length. These data were then used to calculate magnet costs for other 
specific parametric cases. 

In addition to the cases discussed above, a qualitative evaluation was made of the magnet 
required to provide the field specified for the constant electrical stress case (Case 2. 16). 

The judgement was that while the calculated peak field near the channel entrance was some- 
what in excess of 7 Tesla, it was 5 Tesla near the exit where the bore is largest and mechan- 
ical containment problems are greatest so that the 6 Tesla tapering to 5 Tesla case was 
reasonably representative. For costing purposes, this magnet was assumed for Case 2. 16. 


3.4.1 SPECIFICATION OF WARM BORE SIZE 


2,3,4 


In the absence of a channel design specifically for PSPEC, several previous studies 
over a substantial range of thermal power and mass flow rate were utilized to plot a corre- 
lation of the ratio of warm bore size to channel width at MHD generator exit. Data were 
plotted as a function of mass flow rate, Figure 3.4-1, and an empirical equation used to 
calculate warm bore diameters. 


R = 2. 27 - 0.436 (logj^^m - 2. 0) (1) 

where R is the ratio of warm bore diameter to exit channel width and m is mass flow rate 
in Kg/sec. Based on this correlation, data shown in Table 3. 4-1 were used for magnet 
evaluation. Nominal magnetic field distribution is shown in Figure 3.4-2. 


3.4.2 SCAUNG AND COST ESTIMATION 


Equations used for scaling and a Sample Case, are included as Appendix I. This section 
is limited to a brief general description. 

The required ampere turns were scaled proportional to the product of on-axis field (B) and 
radius of wind, igs (R). Ampere turn requirements were determined at entrance and exit 
of the channel and were scaled to meet the peak requirements at both ends. Ampere meters 
were scaled proportional to ampere turns and magnet length. Magnet build was scaled pro- 
portional to ampere turns and inversely to radius of winding. Mass and weight of conductor; 
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MHD Generator Mass Flow, Rate, Kg/Sec 

Figure 3.4-1. Correlation of Ratio Magnet Warm Bore to MHD 
Generator Exit with Mass Flow Rate 


Table 3.4-1. Basic Size Data for PSPEC Magnets. Channels are Assumed Square^ 

Magnet Bore Assumed Round 


c «*« 

Output 

Power 

Ml^e 

Length 

m 

®1 

»L-1 

Mai. 

Flow 

Rat. 

(Kg/a.c) 

Channel 

Entrance 

Width 

(m) 

Channel 

Exit 

Width 

(ra) 

Warm 

Bore 

Diameter 

(m) 

2.2 

1257 

25 

6 

5 

606 

1.04 

2.8 

5.4 

2.11 

887 

20 

6 

5 

434 

0.90 

2.4 

4.8 

2.10 

655 

15 

6 

5 

325 

0.83 

2.0 

4.1 

2.7 

1293 

25 

8 

7 

606 

1.00 

2.8 1 
i 

5.4 



















support shells, etc. , were scaled propor- 
tional to build, winding radius and magnet 
length. 

For tile force containment structure the I- 
beam section modulus (Ik) was scaled pro- 
portional to the square of the product of 
magnetic field and radius of windings and 
the I-beam cross-section selected to pro- 
vide needed section modulus. Structure 
mass and weight were scaled proportional 
to I-beam cross-section area, ring grider 
radius and magnet length. Thus, the mass 
of force contaimnent structure is nearly 
proportional to total magnet energy stored 
(i. e , proportional to volume integral of 
square of magnetic field). The radiation 
shield, outside jacket, etc. , were scaled as the product of magnet length and maximum 
diameter. The radiation shield, outside jacket, etc. , were scaled as the product of magnet 
length and maximum diameter (i.e. , scaled to outer surface area of magnet). 

Costing was based on the foEowing average component costs; 

Conductor $20Ag to $30/kg 

Structure $10Ag 

Cryostat $16 Ag 

Manpower costs were assigned by engineering judgement based on weight and dimensions of 
magnet. 

Table 3. i-2 and 3.4-3 summarize component, wei^t and costs respectively for the four 
specific cases evaluated. Figure 3.4-3 and 3.4-4 show changes in magnet size, wei^t and 
cost for size perturbations about the 1257 MWe, 6T case. Sensitivity to changes in warm 
bore at the MHD generator entrance was also estimated but cost variation was less than 5% 
and judged negligible to the accuracy of the overall estimate. 

3.5 POWER CONDITIONING AND INVERSION EQUIPMENT 

From the Faraday channel calculations, a diagonal-coimected-waU channel current distri- 
btuion was selected which appeared likely to presence tolerable Hall voltage gradients along 
the channel while, at the same time, producing current and voltage values at the power take- 
off taps which are conducive to an efficient and cost effective power conditioning system 
design. Figure 3.5-1 illustrates the selected DCW design*. Three current take-off taps 
centered aroxmd points 6, 10 and 14 meters from the channel entrance contribute about 8800, 


♦The specific design is based on MHD generator results for Case 2.2. 



Figure 3.4-2. Nominal Field Distribution 
for Cases with Prescribed Magnetic Field 
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Table 3.4-2. Component Wei^t Summary (10 Kg) 





























•ESTIMATE PREPARED BY GE-ENERGY SYSTEMS PRODUCTS DEPARTMENT 
•*$30/KG 



Figure 3.4-3. Magpet Weight, Cost and Outside Diameter as a Function 
of Warmbore Size (Total Length Constant 29.4m) 


COSTS (10 dcllofs) 
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Figure 3.4-4. Magnet Weight, Cost and Total Length as a Function 
of Active Length (Outside Diameter Constant 15. 2m) 



OtSTANCE FROM CHANNEL ENTRANCE IN METERS 

Figure 3. 5-1. Current Distribution on Basis of Faraday Generator Analysis Showing 
Diagonal Connected Wall Approximation Used for Sizing the 
Power Conditionii^ System 


•y 
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4400 and 4400 amperes, respectively, to the MHD generator output, while the exit region 
current of 8800 amperes brings the total current to a nominal 26,400 amperes which must 
be returned to the plasma in the entrance region. The voltage between adjacent taps is a 
nominal 9250 volts. 

The power conditioning system for this case - through inversion - is illustrated in Figure 
3. 5-2. Consolidation of the electrode current at each power take-off is accomplished by 
inverter/converter pairs arranged in a manner similar to that discussed in Appendix X of 
Reference 1. This arrangement minimizes losses while preserving adequate control of 
individual electrode current within the take-off region. Inversion is accomplished by a 
suitable combination of standard current-fed line-commutated twelve-pulse inverter valve 
modules which are each rated for a nominal 9. 25 kV at 4400 amperes. In general, two 
modules share a sin^e converter transformer in order to improve efficiency and minimize 
transformer cost. All of the transformer primaries operate from an Intermediate 69 kVac 
bus at which harmonic filters and power factor correction capacitors are switched in as 
required. A station-level transformer is required to obtain the final transmission level 
voltage. 

Cost estimates for the power conditioning equipment rely heavily on extrapolation from ETF 
conceptual design studies^* 2, 3, HVDC experience and the Westin^ouse Electric Corpora- 
tion study of power conditioning for advanced energy conversion'^. The breakdown of equip- 


ment costs for Case 2. 2 is as follows: 

Inverter Modules, including system controls $12. 8M 
DC Reactors 3.5M 

Filters and Power Factor Correction 2. 6M 

Switchgear, a.c. andd. c. 4.8M 

Transformers 11. 7M 

Current Consolidation Equipment 3. 2M 

Total $38. 6M 


Based on the 585 MW d. c. output from the generator, the power conditioning equipment 
cost per kilowatt is about $66*. This is considerably hi^er than for a comparably rated 
HVDC terminal, primarily because of the use of a relatively large number of inverter 
modules and transformers operated at relatively low voltage and hi^ current and the need 
for a significantly more complex instnunentation and control subsystem. This $66/KW 
cost has been applied to all of the cases to determine power conditioning cost. Thou^ 
sufficient differences exist among the cases to dictate different power take-off and inverter 
configurations, overall cost per kilowatt differences are too small to be significant to this 
study. 


*Of this $66/KW MHD, $60. 50/KW is inverters and $5. 50/KW is for voltage consolidation. 



Figure 3. 5-2. typical Power Ccnditioning System 0irou|^ Inverters Assuming Diagonally Connected Wall 
MHD Generator willi 5 Power Take-Off Locations. Data Based on Case 2. 2. 





3.6 DIFFUSER 

3. 6. 1 PRESSURE RECOVERY 

In the MHO flowtrain, the function of llie dlffusei* is to recover the kinetic energy of the hig^ 
velocity plasma as it is slowed down to a speed more amenable to the HRSR portion of the 
system. While subsonic diffuser performance has been widely investigated, both analytically 
and experimentally, the very hi^ boundary layer blockages expected at MHD generator 
outlet present a unique design challenge not usually .i^Jdressed. Hie computational results 
of Doss^, however, do establish the trends. 

2 

From a series of tests run at hi^ blockage , the primary conclusions are that the divergence 
half-angle should not exceed 2 degrees and the pressure recovery coefficient is approximately 
48%. The computations of Doss have been normalized with respect to the experimental data 
and have been used to evaluate diffuser performance as a fimction of its length-to-initial- 
width ratio. 

In this parametric study, for purposes of generator analysis, diffuser pressure recovery was 
held constant at 0. 60. As shown in Figure 3. 6-1, this requires a relatively long diffuser, or 
active control of the boun<|.:,:'y layer which is difficult in a slag/seed laden flow. In his analy- 
sis, Doss encountered bouadai*y layer separation prior to a pressure recovery of 0. 60 with 
the presumption that separation takes place at the point where numerical singui'irities develop. 
However, die point of three-dimensional boundary layer separation is very difficult to predict 
and until more data becomes available for hi^ blockage flows at increased lengths, the 
assumed pressure recovery is a reasonable extrapolation of current drita. 

A generator performance calculation, done for Case 1. 2 (25 meter channel and a magnetic of 
6 Tesla tapering to 5 Tesla) with Cp = 0. 5 resulted in a gross MHD generator output of 567. 9 
MW. Hiis is a reduction of 12.4 MW from the result with Cp = 0. 6 and, on the basis of the 
correlation between enthalpy extraction and plant efficiency. Figure 2. 2-6, results in a de- 
crease in efficiency of 0.37% for Case 1. 2. 

3.6.2 HEAT TRANSFER 

The determination of the diffuser heat load consists of evaluating the convective and radiative 
heat fluxes, summing them, and integrating them over the diffuser wall surface. Hie con- 
vective heat flux is fixed by the Stanton number es derived from a modified form of the 
Reynolds Analogy. Velocity reduction is treated via "Simple Area Change. " Gas properties 
are evaluated at the Eckert reference temperature from a table of values generated by the 
equilibrium thermodynamic description of the coal/air/seed combustion product working 
fluid. The radiative flux is assmned to be due to the presence of CO 2 , H 2 O, and CO in the 
gas. Ihe geometry of the gas mass, the gas temperature, the wall b^mperature and the gas 
constituent partial pressures characterize the plasma so that Hottel's^ well known charts of 
gas emissivities and correction factors can be used. 






3.7 HBAT RECOVEKy/SEED RECOVERY SUBSYSTEM AND PREHEAT COMBUSTOR 


The he«t reoovery/seed recovery (HRSiQ subsystem is the group of con^nents in the MHD 
flow train between the MHD difi^iser exit and the stack, e. g. , the bottoming plant. The func- 
tions of this equipment are: 

1. Heat recovery (steam generation and air preheat), 

2. Seed recovery, in a manner which permits efficient seed reprocessing, and 

3. Environmental control of gaseous and particulate emissions. 

The HHSR subsystem configuration adopted in the present study is similar to the concept 
evolved by Con^stion Engineering for the AVCO/C-E/ETF. It is appropriate to a moderate 
slag carryover system and is a result of applying engineering design practice for chemical 
heat recovery boilers^* ^ (Kraft boilers) to the HRSR subsystem proposed in EC AS ll^. 

The bottoming plant. Figure 3.7-1, consists of four chambers: the radiant furnace, the finni 
oxidation furnace, tlie convective pass and the backpass. 

The gas entering the radiant furnace is cooled slowly, over about a 2-second interval, from 
^500 F to 2900 F, where the gas energy released is transferred to steam in the waterwalls 
of the furnace. As the flow passes through this furnace, the NO^ concentration is reduced 
to below EFA limits and vaporized coal slag condenses and begins solidification. 

‘Hie gas then enters the final oxidation furnace where energy is extracted by stqierbeater tube 
panels and by steam in the waterwalls of the fiimace. Air is injected through ports in the 
side Walls for final combustion of unbumed hydrocarbons, carbon and carbon monoxide. The 
gas temperature at the bottom of the final oxidation furnace is about 1600 - 1800 F. In this 
temperature range, most of the potassitun seed has been converted to solid potassium sulfate, 
effectively removing the coal-derived sulfur. Part of this seed compound is collected at the 
bottom of the furnace. Most of the rest passes through the remaining HRSR subsystem to be 
captured in the stack-gas cleanup equipment (electrostatic precipitator, ESP). 

The convective and back passes are fiUed with metal tube bundles uhich are used for air pre- 
heat, initial steam superheat, steam reheat and feedwater heating. In contract to a conventional 
coal-fired steam plant, where many of these tube bundles are horizontal, a vertical configura- 
tion with very wide tube spacing is used for the HRSR subsystem to prevent plugging of tube 
passages by fiie seed-laden gas. 

Environmental control is thus accomplished by NO^ reduction in the radiant furnace and secon- 
dary combustion in the final oxidation furnace, sulfur capture by the seed in the final oxidation 
furnace, and particulate removal by the ESP. Heat recovery involves transfer of all of the gas 
energy, from the radiant furnace inlet to the stack, into water, steam and air. Seed recovery 
occurs via condensation of potassium sulfate and subsequent collection ?n the final oxidation 
furnace, tube banks and ESP. 
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Figure 3. 7-1# HBSR Subsystem Configuration 


3.7.1 GAS-SIDE ARRANGEMENT 


The gas-side circuit, with key temperatures, is shown in Figure 3. 7-2. 

The radiant furnace is used for NQ^ control and slag condensation and rejection. Gas enters 
the furnace from the diffuser in the temperature range of 3400 - 3600 F, and is cooled slowly 
to 2900 F. A gas residence time of seconds is sufficient to permit the NO^ to decompose 
from a concentration of several thousand ppm at the inlet to below EPA standards (~500 ppm) 
at the exit. The 2900 F exit tenq>erature is dictated by the fact that the NO^ kinetics are 
effectively frozen below this temperature, but the seed remains in the gas phase. 

A secondary function of the radiant furnace is to reject as much slag as possit ’e. In the 
temperature range occurring in the fiimace, the slag condenses and begins scUdification, 
whereas the seed remians in the vapor jdiase. Therefore, to minimize miving of the seed and 
slag in the downstream components (and thus possibly some loss of the seed), it is advantageous 
to reject as much slag as possible in the radiant furnace. In the configuration shown in Figure 
3. 7-1, an active slag removal technique (such as a slag screen) is not used. Rather, slag re- 
jection occurs via the gas fluid mechanics, relying on the inlet jet and tuiisulence in the bottom 
of the himace to deposit wet slag on the furnace walls. It is estimated (Reference B7) that 
M0% of the slag carryover will be removed by this mechanism. 

Hie gas temperature drop in the final oxidation furnace is from 2900 F to below 2vd0 F. As 
the gas is cooled through this temperature range, the seed condenses, primarily via the exo- 
thermic oxidation reactions 

2KOH(g) + SO^ig) - K2SO^(c) + H^, (1) 


and 


+ I/2O2 - HgO, ( 2 ) 

where (g) and (c) denote gas and condensed phases, respectively. The dew point, or tempera- 
ture at which initial condensation occurs, is a function of the gas equivalence ratio (ER) and 
is in the range of 2100 - 2500 F for 0. 90 < ER”^ < 1, 05 and typical seed concentrations. Com- 
plete condensation of all of the seed occurs over a tenq)erature interval of 200 - 300 F below 
the dew point. After condensation, the seed is carried along in the flow as suspended droplets. 
These droplets subsequently solidiJfy in the temperature range of 1800 - 1900 F, vhich occurs 
in the bottom of the furnace. 

Some seed rejection occurs in the furnace, primarily on the array of superheater panels in the 
tc^ of the furnace. Here, the typical metal temperature is about 1100 F, which is below the 
seed condensation point, thus causing the seed to condense on these surfaces and to subsequent- 
ly drop to the bottom of the himace. There will also be a small amount of seed condensation 
on the furnace walls (which also occurs in the radiant furnace) and some of the suspended seed 
particulates will drop out of the flow at the bottom of the furnace, as the flow turns and exits 
horizontally from the unit. 



Figure 3. 7-2. Gae-Slde Clroult HBSR Sii)sy8tein 










In addition to the seed phenomena occurring in the final oxidation furnace, secondary air is 
introduced in the lower half of the furnace to complete oxidation (ER~1 = 1. 05) of the fuel- 
rich combustion gas (ER“^ = 1. 05) of the fuel-rich combustion gas (ER-1 = 0. 9) that enters 
the furnace. The final oxidation must be conducted in the temperature range of 2000 - 2500 
F, the uj^r limit dictated by secondary NOjj formation and the lower limit by the rate of 
CO oxidation. Because of the sensitivity of seed dew point to equivalence ratio, the seed con- 
densation is intimately tied to final or^ \5i«'n. 


The gas temperature entering the con >. < r/ ve pass should be below the solidification tempera- 
ture of the suspended seed particulates (< '^1800 F). This procedure insures that the seed is 
"dry, " thus minimizing accumulation of the seed on the tube banks and potential plugging of 
the tube spaces. To establish this gas temperature, flue gas is recirculated from the gas/ 
steam pinch-point (the high temperature economizer outlet) back to the connecting duct be- 
tween the final oxidation furnace and the convective pass. In this way, the temperature of the 
gas leaving the furnace can be adjusted to insure that the seed is dry. 

In the convective pass, the gas is cooled by transferring energy to air and steam via various 
arrays of tube banks. Some seed (and ash) will deposit on the heat transfer surfaces, and is 
dislodged by sootblowing equipment. The exit temperature from the convective pass, 900 - 
1000 F, is the point at which the transition is made from a waterwall enclosure to an adiabatic 
wall enclosure. 

From the back pass inlet, the gas is cooled in additional tube banks to a temperature in the 
range of 450 - 750 F, at which point it is admitted to the electrostatic precipitator (ESP). 

The iQ)per tenperature limit is characteristic of the maximum operating tenperature for 
state-of-the-art ESP’s. Below -^50 F, the seed (K 2 SO^ begins to pick up moisture, form- 
ing KHSO 4 (Reference 4) a situation undesirable for seed reprocessing. In the ESP, the seed 
and ash remaining in the flow are removed. The cleaned gas is subsequently cooled through a 
final set of tube banks to reduce it to stack temperature (250 - 300 F). 

3.7.2 STEAM-SIDE ARRANGEMENT 

The steam-side circuit for the HRSR subsystem is shown in Figure 3. 7-3. A supercritical 
steam cycle was used for all cases, but comment is made below on the differences in steam- 
side arrangement for a subcritical steam cycle. 

In the steam cycle arrangement used in the present study, water exit the feedwater heater train 
at 510 F. The low temperature economizer (the downstream economizer in Figure 3 . 7 - 3 ) 
and MHD channel coolmg are interleaved into the feedwater heater train. The water, coming 
from the last stage of feedwater heating at 510 F, is passed through the high temperature 
economizer (the upstream economizer in Figure 3. 7-3) and then the combustors, nozzle and 
diffuser. This heat addition raises its temperature to slightly below the critical temperature 
(705 F), typically 675 - 700 F. 

At this point, the water is introduced into the waterwall of the convective section (noted as 
"from diffuser" in Figure 3. 7-3). In this region of modest heat flux, the water is passed 
through the transition region, exiting the section at 720 F. The e nthalp y added to the steam in 
this pass is analagous to evaporation and initial siperheat duty in a subcritical steam cycle. 
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WATERWALL 





Figure 3. 7-3. Steam-Slda Circuit (Supercritical) HRSR Subsystem 




From the comrective pass, the steam is successively passed through the waterwalls of first 
the radiant furnace and then the final oxidation furnace for intermediate superheat, raising its 
temperature to 800 - 850 F. Final sig>erheat, to the hi^ pressure turbine inlet temperature 
of 1000 F,. is done in the panels suspended in the upper region of the final oxidation furnace 
(See Figure 3.7-1). 

Steam is returned from the high pressure turbine e^diaust at ^600 F to the low ten^rature re- 
heater, which consists of waterwall and tube bundles in the rear of the convective pass. Here, 
its ten^rature is raised to 700 F, and it is then passed through the intermediate and high 
temperature reheaters, raising its temperature to 1000 F before admission to the reheat tur- 
bine. The intermediate and high temperature reheaters are the reheat tube bundles in Figure 
3. 7-3 that are enclosed by the transition region waterwall. 

In a typical subcritLcal steam cycle (1000 F/1000 F/2500 psi), the modification to the arrange- 
ment shown in Figure 3. 7-3 would be that the waterwall of the convective pass and the radiant 
fiimace would be used for evaporator duty, the waterwall of the final oxidation furnace for 
intermediate superheat, and as presently used, the panels in the final oxidation furnace for 

superiieat. The gas-side tenq>erature distribution would be jqpproximately the same for 
either case. 

3.7.3 RADIANT FURNACE SIZING 

For the radiant furnace heat transfer model, the following assumptions were employed: 

1. The temperature of the gas flowing through the radiant furnace is reduced 

fxom 2300 K (3680 F) to 1900 K (2960 F). This tenoperature range assumes 
reasonable diffuser exit conditions, and extends down to the freezing limit 
of the oxides of nitrogen (^O^ the gas stream. 

2. The radiant furnace operates at atmospheric pressure. A balanced draft 
furnace is desirable from an operational viewpoint and is more or less required 
by the structure of a radiant furnace. With the gas side at atmospheric 
pressure, the gas density is independent of mass flow rate. Thus, for a 
specified furnace cross-section, a change in the mass flow rate of the gas 

will result in a change in the flow velocity but not the density. 

3. The convective heat fhix in the radiant furnace is negligible. For large 
radiant furnaces with reasonable wall temperatures, and with gas tempera- 
tures as in assumption 1, radiation is by far the dominant heat transfer 
mechanism. Thus, the local thermal flux density is independent of gas 
velocity and, because of assumption 2. independent of mass flow rate . 

4. The radiant heat flux in the furnace is purely radial. This assumption is 
analytically convenient, though strictly valid only for furnaces with very 
large aspect ratios and no axial thermal gradients. For the furnaces con- 
sidered in this analysis, the aspect ratio was defined as the ratio of the 
furnace height to the furnace width (square cross-section). An aspect ratio 
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of 3 to 1 Is considered a reasonable minimum value for design purposes 
and should be sufficient to satisfy this assumption. 

5. Under steady-state conditions, an unlined furnace water wall will <^rate 
at a slag melting tenq>erature of approximately 1700 K (2600 F) for moderate 
slag carryover systems. This assumption presumes that a condensate layer 
will build ip on file furnace wall until Uquid runoff is established. The con- 
densate layer provides a lower bound on the interior wall surface temperature. 
Independent of the water/steam side conditions. The temperature of 1700 K 
was chosen as representative of the system design conditions. Precise 
temperature values are not essential to the radiation cooling calculations. 

3. 7.3.1 Heat Transfer Analysis 

e 

The radiation analysis was performed using the method of Hottel and Sarofim , with a 
correction for particulate emission. Gaseous emission is assumed to be primarily due to the 
CO^, H„0 and CO in the gas stream. The equilibrium thermodynamic description (CCE Code), 
Ap^nda C, of the coal/air/seed/combustion product mixture was used to generate tables of 
the thermodynamic properties of the above constituents. These property tables, combined 
with the gas temperature, the furnace wall tenperature and a recommended mean beam length, 
sufficiently characterize the gas stream that Hottel 's well-known charts of gas emissivities 
and correction factors can be used. 

0 

Particulate radiation is treated enpirically in the manner of Bueters by using the factor F_ 
as described in the AVCO ETF Heport*^. This particulate radiation correction factor is 
applied to both emission and absorption. A value of F^ » 1. 1 was assumed, but there is 
considerable uncertainty' as -to the actual effects of the particulate radiation. Due to this 
large uncertainty, further complications arising from such considerations as the distinction 
between slag and soot particles and the depression of the particle temperature below the gas 
temperature have been ignored in this analysis. 

The convective heat transfer was compiited using a modified form of the Reynold's analogy 
which reduces the Stanton number to a function of the local Reynold's ntunber only for fully 
turbulent flow over a flat plate. 

Calculations showed that the assumption of negligible convective heat flux is valid. Of the total 
heat transferred in the radiant furnace, the contribution due to convection, in all cases con- 
sidered, was less than 5%. As a result of this condition, the local therm^ flux density in 
the radiant furnace is independent of the mass flow rate of the gas, and becomes solely a 
function of the gas temperature, the waU temperature and the furnace width. 

The results of the heat transfer calculations are shown in Figure 3. 7-4. With the wall surface 
temperature equal to the slag melting temperature of 1700 K, there is a mininimw residence 
time required to cool the gas through its specified temperature range associated with a given 
furnace width. This figure indicates the furnace width (1) plotted as a function of the gas 
residence time for the assumed gas temperature change through the radiant furnace. 
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Figure 3. 7-4. Fuinace WidOi (Square Cross-Secti<ni) as a Function of Gas Residence 
Time for Cooling of MHD Eafaaust Gas Tdtb Constant Tengmrature, 

Slag Coated Walls. 

3. 7. 3.2 fafiwnffA of Mass Flow Rate 

To satisfy the need for a reasonable furnace aspect ratio, as noted in assunq>tion 4, it is 
necessary to consider the mass flow rate of the gas traveling through the foxnace. The aspect 
ratio (n) for this analysis is defined as the ratio of the furnace height (h) to ibe furnace width 
(i). 


n 


h 

1 


( 2 ) 


The velocity of the gas (v) flowing through the furnace is, by definition, equal to the distance 
traveled divided by the time. Thus, 


V 


k - “i- 



(3) 


The mass flow rate is related to the velocity by the expression 
m = pvi 


(4) 
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Pth “ ib(AH) 


( 6 ) 


where P is the plant thermal power, th is the mass flow of the gas, and AH is the enthalpy 
of the cmmbustion predicts referenced to standard condtions. For the purposes of this 
analysis, a value of AH » 4. 6 x 10^ J/kg was assumed. This is an approximation relating 
MHD generator mass flow to plant thermal power and includes an allowance for losses in the 
indirectly fired air heater combustion system. Substituting the expression for mass flow 
(Equation 5) into the above relationship gives 

P (7) 

th t 

r 

Equation 7 was used to plot curves of constant thermal power (P.. ) as a function of furnace 
width and gas residence time, for a fixed aspect ratio of n - 3. %ese curves are indicated 
on Figure 3.7-6. 



Figure 3. 7-6. Thermal Power as a Function of Furnace Width and Gas 

Residence Time 



3. 7. 3. 4 Design Application 


Figures 3. 7-4 and 3. 7-5 describe the relationship between the essential parameters needed 
in sizing &e radiant furnaces for the MHD power plants considered in this studjr. Their use 
is demonstrated in the following example of Case 2. 0: 


Plant Thermal Power, P^^ = 2800 MWt 


Mass Flow Bate of Gas, to = 605. 6 kg/sec 
Assumed fixed value, n = 3 



From Figure 3. 7-5, find file curve corresponding to m/n = 202. Superimposing this curve 
over the curve shown in Figure 3. 7-4, the two lines intersect at the point I » 48. O' and t » 

3. 1 seconds. Consequently, for Case 2. 0, the correct size of a radiant furnace with a 3 ra 1 
aspect ratio is 48' wide by 144' high. The time it takes for the gas to travel through this furnace 
will be 3. 1 seconds. 

As a quick check on the results of the preceeding example, refer to Figure 3. 7-6. Here it 
can be observed that for a gas residence time of 3. 1 sec. and a plant thermal power rating of 
2800 MWt, the width of the required furnace having a 3 to 1 aspect ratio is iqiproximately 48 
feet. 

3.7,4 Design of the Heat Transfer Surfctces 

This category includes all of the metallic heat transfer equipment in both the MHD flow train 
and the preheat combustor flow train. The ceramic, regenerative, high temperature air 
heaters are discussed separately in Section 3. 2. 

To establish the heat exchanger tubing requirements for the multitude of cases examined in 
this stuc^, the procedure used was to complete a conceptual design of the equipment for a 
single representative case, and then for the remaining cases, to scale surface area and weight 
based on thermal duty. TUs procedure assumes that the log-mean temperature difference 
between the two fluids remains constant in aU cases, an assumption vhich introduces only a 
modest error (of order 10 - 20%) into the estimates. 

The case selected for design was 2. 16, since this was the first case for which a final system 
solution was obtained. Case 2. 16 is the same as Case 2. 2 (used for BOP and costing by 
Bechtel) with the exception of MHD channel performance and type of MHD combustor. The 
heat transfer equipment is identical, within the level of detail of the present stu<h^. 

The individual heat transfer surfaces considered in the HBSR subsystem are indicated in 
Figure 3. 7-7. In addition, the metallic air heaters in the pre-heat combustor flow train 
were included in the present analysis (see Sections 2. 3. 2. 1 and 3. 1). From the results of the 
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Figure 3. 7-7. Hoot Transfer Surfaces HHSU Subsystem 



system code aiialysis, flow rates, teoq;)eratures, and thermal dbties were established (see 
Table 3. 7-1). 

Table 3. 7-1. Thermal Data for Heat Transfer Equipment, Case 2. 16 



TEMPERATURE (F) 

MASS FLOW (iW/S) 

DUTY 


GAS 

STEAM/ AIR 

GAS 

STEAM/ AIR 

(MW) 

UNIT 

IN 

OUT 

IN 

OUT 




Radiant Furnace 

e Intermediate suprht 

3480 

2900 

720 

740 

606 

575 

288 

Final Oxidation Furnace 








e Intermediate suprht 

2900 

2038 

740 

770 

606/69^ 

575 

155 

e Final suprht 

2900 

2340 

770 

1000 

606 

575 

351 

Convective Pass 








e Intermediate Temperature 

2038 

1668 

860 

1300 

694 

529 

145 

Air Heater 
e Reheat 








e Final 

1668 

1489 

900 

1000 

694 

510 

67 

e Intermediate 

1489 

1127 

700 

900 

694 

510 

135 

e Initial 

1127 

953 

602 

700 

694 

510 j 

79 

• Initial suprht 

2038 

1127 

697 

720 

694 

575 

94 

Back Pass 








e High Economizer 

953 

612 

510 

604 

694 

575 

150 

e Low Economizer 

612 

300 

190 

300 

455 

485 

88 

e Secondary Air Heater 

300 

273 

59 

200 

455 

88 

7 

Preheat Combustor Flow Train 
e Preheat Combustor Air Heater 

1503 

1187 

j 

705 

1100 

311 

281 

68 

e Low Temperature Air Heater 

1187 

927 

692 

860 

311 

529 

54 


With the exception of the two furnaces, discussed below, the general procedure entailed the 
following steps: 
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1. Select tube configuration and tube spacing. 

2. Select gas velocity and calculate gas flow cross-sectional area (width, W, 
was held constant at that of the two fuznaces). 

3. Calculate heat transfer coefficients and maxi mum tube wall tenqwratures. 

4. Select tube material and calculate tid>e wall thidmess. 

5. Calculate required transfer area and tube mass. 

6. Calculate pressure drops. 

7. Iterate as necessary to achieve acceptable pressure drops and heat fluxes. 

Some mo(hfication to the above procedire, which is appropriate for tube bundles, was required 
when sizing the waterwaU. 

3.7.4. 1 Heat Becovery/Seed Recovery Design 

Hie radiant furnace was sized as described in Section 3. 7. 3 and resulted in ^iproximately a 
50* X 50' cross-section with a height of 150*. Adjustments from case to case were made as 
indicated in Section 4. These same dimensions were used for the final oxidation ftimace. 

The final superheat assembly consists of 9 panels of tangentially-welded tubes, each panel 50' 

X 100', wifii panels located on 5' centers. Each individual tube is two-passed, with inlet and 
outlet headers above the ftimace. 

The air heater assembly in the front of the convective pass also ctmsists of tangentially-welded 
tube panels, 10' wide by 50' long, located on 21" centers. Here, the individual tifbes are 
single pass, with inlet headers at the top of the unit and outlet headers on the bottom. 

The steam reheat assembly consists of waterwaU in file back of the convective pass, which 
accepts the inlet steam from the high pressure turbine eidiaust, and then a series of multiple- 
pass tube bundles to attai n file final reheat steam temperature. WaterwaU, for initial steam 
siqierfaeat (e. g. , file transition region), surrounds file air heater panels and most of the steam 
reheat bundles. 

The three units in file bade pass, file high and low economizers and the secondary air heater, 
are multiple-pass tube bundles wifii horizontal tube runs, fti the present first-order analy^ds, 
the tube bundles were treated as bare tubes. However, because of file smaU ten^ratnre driv- 
ing head in the back pass units, the rather considerable surface area of the economizers could 
be reduced by the use of finned tubing. 

A tabulation of the sizing for the heat transfer surfaces is given in Table 3. 7-2. 


Sv 
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Table 3. 7-2. Specification of Heat Transfer Surfaces, Case 2. 16 




3.7.4. 2 Preheat Combustor Flow Train Design 


A ncdal representation of the high temperature air heater (HTAH) system is shown in Figure 
3. 7-8 (for Case 2. 16). The features to note here are, first, that the preheat combustion sys- 
tem is pressurized, and second, that in the combustion gas flow train there are two air heaters 
below the HTAH. These two air heaters are used to reduce the gas temperature from ~1500 F, 
at the HTAH outlet, to ~900 F at the gas turbine inlet. This particular turbine inlet gas tem- 
perature is required to match the turbine output to the compressor input power requirement. 

Because of the reduced air temperatures in the PCAH and LTAH (see Table 3.7-1) as compared 
to file HTAH, these two units are designed with metallic tubes. The two units are somewhat 
different than air beaters in the MHD flow train, however, because both of the working fluids 
are pressurized. Thus, the heat transfer surfaces must be enclosed in a pressure vessel, as 
is the case with the HTAH. 

The conceptual design for the two air beaters is shown in Figure 3. 7-9. Both of the air heaters 
are contained within a single pressure vessel, with the LTAH surfaces above the PCAH sur- 
faces. The heat transfer surfaces are tangentially-welded tube panels, the air making two 
passes through the gas. The gas enters through the side of the vessel, flows downward and 
then upward making two passes over the PCAH panels, and then a single pass over the LTAH 
panels, exiting near the top of the vessel. The specifications for this unit are contained in 
Table 3. 7-2. A number of other cases involved different heat transfer equipment, for example, 
a water economizer (Case 2) and an atmospheric air heater (Base Case 1 and Case 2. 12). The 
heat exchanger specifications for these other cases were obtained by scaling via thermal duty 
and log-mean temperature difference. 

3.8 SULFUR CLEANUP OTHER THAN SEED CAPTURE 

A problem introduced by indirectly-fired high temperature air heaters (HTAH) is cleanup of 
the (coal-derived) sulfur from the preheat combustion gas. fix the present stufiy, four differ- 
ent approaches were examined and two selected for inclusion in case studies. However, none 
were fotmd to yield a particularly attractive system. The approaches considered were: 

1. Coal cleantq), 

2. Hot gas cleanup, 

3. Flue gas desulfurization 

4. Chemically active fluidized bed gasif.er. 

State-of-the-art physical coal cleaning, based on pei^ormance described in Reference 1 and 2, 
is capable of removing about 1/2 of the sulfiir and ash content of the original coal, with an 
energy penalty of a loss of 5 - 10% of the fuel content. This process was rejected because of 
inadequate sulhir removal and significant enei^ penalty. Chemical coal cleaning. Reference 
3, has the potential for more thorough and efficient desulfurization. However, this technique 
is still in the laboratory stage and not well enough defined, from the standpoint of performance 
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Figure 3. 7-9. High Temperature Air Heater System Recuperative Air Heaters 



and process details, for consideration in the present stucfy. Although an appropriate coal 
cleaning technology is not available at the present time, it is likely that this approach to de- 
sulfurization, using some combination of physical, chemical (and perhaps other) procedures, 
will eventually yield the most system-attractive sulfur clean-iq> technology. 


The second desulfiirization ig>proach examined was hot gas cleanup, specifically, the iron 
oxide process being developed by the Bureau of Mines'^ and, independently, by Babcock and 
Wilcox^. The iron oxide process involves use of a r^enerable iron oxide bed which removes 
H2S from the (hot) fuel-gas stream produced by a gasifier, via the reaction 

H2S + FeO -• FeS + H2O, 

with the sulfur being removed from the gas and captured in the bed material. The bed is 
intermittently r^enerated with air, undergoing the reaction 


lo^+FeS -FeO+SO^, 

with the SO^ being carried off in the regeneration air flow (at a typical concentration of ~ 10 
mole %). 

The FeO unit would be installed in the HTAH combustion system as shown in Figure 3. 8-1. 

The highly concentrated SO2 regeneration stream could be fed into the MHD flow stream for 
sulfur capture by the seed, or could be sent directly to a Claus plant for reduction to elemental 
sulfur. Unfortunately, we were not successful in integrating the FeO unit into the system be 
cause of the temperature constraints indicated in Figure 3. 8-1. The FeO bed must be operated 
with a gas inlet ten^rature in the range of 1000 - 1500 F. However, we were not able to find 
a gasifier (e. g. , first stage combustor) configuration with a sufficiently low gas outlet tencqpera- 
ture c£q;>able of achieving the required 3000 - 3300 F temperature at the second stage combustor 
exit and (his approach was discarded. 


The third approach examined, and adopted for aU of the systems in base cases 1 and 2 (except 
case 2. 17. the chemically active fluidized bed), is the spray dryer (flue gas desulfurization) 
system^* ' * ^ shown in Figure 3. 8-2. An aqueous solution of Na2C(^ is sprayed into the flue 
gas with an atomizer, at a gas ten^rature of 300 - 1500 F. Tba atomized droplets of solution 
mix intimately with the flue gas, allowing the Na2C03 to react with the SO2 to form Na2S04. 
Because the liquid-to-gas ratio (L/G) is held low and the water is in the form of fine dx^lets, 
the water rapidly evs^rates, leaving the reacti<m products (Na2SO^, Na2S03) and unreacted 
absorbent (Na2C(>3) as suspended particulates in the gas flow. These particulates, which con- 
tain the sulfur, are then removed downstream of the spray dryer with standard gas cleanup 
equipment (ESP, cyclone or baghouse). 


The water requirements for the spray dryer are sq)proximately 3 lb of water/lOO lb of flue 
gas (Reference 7), with the Na^CO^ concentration adjustable to suit the SO^ concentration of 
the flue gas. The drop in gas temperature through the spray dryer is 125 - 150 F, so that 
even with a 300 F gas inlet tenq>erature, the gas remains atove the water dew point at the exit 
of the unit. The only energy requirements are electrical power for the atomizer motors 
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CBl - FIRST STAGE COMBUSTOR 
FcO - IRON OXIDE BED 
CB2 - SECOND STAGE COMBUSTOR 
HTAH - HIGH TEMPERATURE AIR HEATER 

Figure 3. 8-1. Iron Oxide Process for Suifor Cleanup 

(neglected here) and a gas pressure drop through the unit of 10 - 15 inches of water. 

A modificatiou of the spray dryer configuration described above, which has been tested in a 
pilot facility by Joy/Niro Company (Reference 6), is the use of CaO as the sorbent, rather 
than Na^COg. The CaO, dissolved in water, forms Ca(OH) . The hydroxide, when sprayed 
into the flue gas, undergoes the reaction 

Ca(OH) + SO + 1/20 — CaSO . + H.O 

lU M M 4 a 

with the sulfur thus being captured as CaSO^ particulates rather than Na SO particulates. 

This variation on the spray dryer was used since the seed reprocessing scheme adopted, the 
formate process, also produces sulfur in the form of CaSO as an end product. Thus, all 
sulfor fired to the coml)ustors is processed into CaSO^. 

The chemically active fluidized bed, because it entails considerations other than sulfor cleanup, 
is discussed elsewhere in this report (Section 3. 1. 2. 7). 

Sulfur removal is not without cost to the overall system, both in lowering the plant efficiency 
and boosting the cost ol! electricity. For Base Case l, flue gas desulforlzation was used to 
remove sulfur from the combined preheat and main MHD flow combustion products streams. 

The wisdom of this choice is seen in Table 3. 8-1. Although partial seed reprocessing is a viable 
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Figure 3. 8-2. %>ray-Dryer System for Flue Gas Desulfurizatioii 

(From Beference 6) 









alternative, the seed reprocessing plant would have added substantially to the capital and 
operating costs of the overall plant. Moreover, the reprocessing plant's energy requirements 
would have cost an additional 0. 16 point in overall plant efficiency*. Clearly, the most attrac- 
tive sulfur cleanig) technology will be the one that achieves proper sulfur-removal levels at the 
lowest cost and at the lowest plant power drain. 

Table 3. 8-1. The Effect of Sulfur Removal on Case 1. 0 
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*COU> GAS CLEANUP 


^ 

Also appearing in Table 3. 8-1 is an estimate of the cost and efficiency penalties associated 
with a standard cold gas cleanup plant. 
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3.9 SEED REPROCESSING 

3. 9. 1 STRUCTUBE OF SEED REPROCESSING STUDIES 

Seed reprocessing has been studied in some detail by the MHD community^* However, 

prior to PSPEC, a major chemical company with actual hands-on ejqMrience in the manu- 
facture of potassium salts had never examined the problem. In order to take advantage of 
chemical manufacturer es^erience, GE contacted several major chemical companies to explore 
their interests in a cooperative study. Hodker Chemical Compaiqr responded favorably and 
agreed to consult on seed reprocessing. 

The first stq;> in the cooperative effort was to educate Hooker Chemical Company in MHD steam/ 
power generating systems. This was done by fiie pr^ration of a position paper (Appendix D) 
and oral briefing on the seed effluent from the HRSR system. In addition, all documentation 
available to GE was forwarded to Hocdcer for their use and information. 

Later, a joint meeting between NASA, Hooker Chemical Company and GE was held to discuss 
the seed reprocessing problem. This meeting led to the conclusion that both electrolytic 
processing and conversion of potassium sulfate to carbonate using the formate process were 
promising candidates. Hooker Chemical Compai^ agreed to examine these systems and de- 
fine preliminary plant layouts, mass and energy balances, plus capital and operating costs. 

The sturdy siqpplied considerable details on both processes under consideration and brought 
manufacturing eoqmrtise to bear on file seed r^rocessing problem. Results were incorporated 
in a letter report included herein as ^i^endix E. 

3. 9.2 GE ANALYSIS OF THE HOOKER CHEMICAL COMPANY RESULTS 

Examination of the results presented in Appendix £ shows that the formate process is stqierior 
to electrolytic conversion, both as to ci^ital cost and material expenditures. For this reason, 
electrolytic processing was discarded and received no further consideration in the present 
study. The formate process on the other hand, appears realistic and cost effective. The major 
uncertainty associated with the formate process is the formate reactors themselves. The re- 
actor size which was used to provide capital cost estimates is based on extriq;x>lati(xi from 
sodium data. A factor of 3 was used to provide conservative estimates for reactor size. Con- 
sequently, the ciqiital cost estimates are probably on the high side. 

Several aspects of the seed reprocessing study by Hooker Chemical Compai^ did not match the 
general ground rules for the PSPEC Study. Therefore, the basic data were modified by GE 
such that the methodology used for costing seed reprocessing agreed with that used in the re- 
mainder of the PSPEC stu(fy. Specifically: 

1. An oiqrgen plant was costed using the data supplied to GE by NASA. 

2. The cost of the coke gasifier was separated from that of the oxygen plant. 
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3. The mass balances and temperatures supplied by Hooker Chemical Company were 
used to construct an energy balance for the seed reprocessing system. 

4. Pressurized carbon monoxide exitii^ the formate reactors was burned, diluted with 
nitrogen and fed to gas turbines which supply shaft power required for the dissolver 
and formate reactors. 

3. 9. 3 RESULTS OF THE SEED REPROCESSING STUDY 

The optimized plant layout for the formate process is shown in Figiire 3. 9-l.and the mass and 
energy balances for the astern are given in Table 3.9-1. Several comments r^rding this 
system are appropriate: 

1. The oj^gen plant is assumed to be identical in construction to those used throughout 
the PSPEC study, but sxibstantially smaller (95 tons/day). 

2. A scrubber is required to remove CO 2 and H 2 S from the raw gas produced by the 
gasifier. CO» must be removed to prevent precipitation of CaCO^ in the formate 
reactors. H 2 S must be removed from environmental considerations. 

3. The size of the formate reactors required in the process is the major uncertainty 
associated with the seed reprocessing system. 

4. The formate solution fed to the flaker is very concentrated. This minimizes the 
energy required to recover the formate in a solid form and is a significant improve- 
ment suggested by Hooker Chemical Compaty. 

5. The excess pressurized CO coming from the formate reactor is fed to a combustor and 
burned as described in the previous section. 

Energy requirements for the seed reprocessing system are supplied almost entirely by the 
coke fed to the gasifier. In an actual plant the calculated additional shaft power requirement 
(0.6 MW) would be supplied by feeding a slight excess of coke to the gasifier such that the 
overall seed reprocessing system becomes thermoneutral. 

The seed r^rocessing system as designed produces potassium formate. The formate can be 
converted to potassium carbonate, but this conversion would impose an energy penalty. An 
alternative is to seed the MHD combustion gases with formate directly. The formate bums to 
the carbonate in the main MHD combustor and the energy of combustion (0. 73 MJ/Kg KCCX>H) 
is recovered in the high temperature section of the MHD/ steam power generating system. For 
plant performance calculations, a debit was taken for the energy in the coke and a credit was 
assumed for the energy of the dormate conversion to carbonate. The net thermal difference, 
plus a small penalty required for excess shaft power, gives the energy requirements for the 
seed reprocessing system. 
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SEED REPROCESSH6 SYSTEM 



Figure 3. 9-1. Diagram of the Seed Reprocessii^ System 
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Mass balances for all PSPEC cases of interest are shown in Table 3. 9>2. These results 
were derived by scaling the mass balance shown in Table 3. 9-1 to the potassium sulfate pro- 
cessing requirements for each PSPEC case of interest. It was assumed that 95% recovery of 
spent seed could be obtained in the HBSR system. 

Energy requirements, capital costs, material costs and plant size are shown in Table 3. 9-3 
for each PSPEC case considered. Material costs for the cesiiun case are not included because 
a realistic price for cesium carbonate could not be obtained during the present study. Quotes 
were obtained from ven(k>rs only for chemically pure cesium carbonate in small quantities. 
Sufficient raw material in the form of poUucite and other cesium ores exist but in the absence 
of any significant market, industrial grade cesium salts are not presently available in quantity. 
Materials prices used to derive the potassixim processing costs from the mass balances are 
given in Table 3. 9-4. 

Table 3. 9-5 summarizes effects on overall plant efficiency and capital cost. The data are 
approximate but clearly indicate that, if the formate process can be implemented, the penalties 
for satisfying sulfur emission requirements will be quite small for an MHD/steam power plant. 

3.10 STEAM PLANT PERFORMANCE 

in previous large-scale MHD plant studies, the steam plant was treated either as a "black 
box" with a fixed efficiency or analyzed separately. For this parametric study, however, a 
greater degree of flexibilify was required to accommodate changes in the system configuration. 
Subject to the 1977 consent decree (see steam plant calculation note, pg vl), a con^rehenslve 
heat balance for a modem generic steam plant was incorporated into file overall system 
analysis. The heat balance is calculated by means of a set of subroutines describing each of 
the major components of the steam plant, hitemal checks are made on energy and mass 
balances. Water/steam properties are determined by the formulation adopted by the Inter- 
national Formulations Committee of the 6th International Conference on the Properties of 
Steam based on the 1967 ASME Steam Tables. This system of subroutines not only provides 
a high degree of configuration flexibility, it also assures that the bottoming cycle analysis is 
consistent in nomenclature and data storage formats with the teeing cycle system analysis. 
Performance data is taken from Spencer, Cotton and Caxmon^. Empirical curve fits were 
used for the expansion lines. 

The general configuration of the 3500 psi/lOOO F/lOOO F steam diifoine system is shown in 
Figure 3. 10-1. It includes a high pressure turbine, a double flow reheat turbine and three 
low pressure turbines. A separate boiler feed pump turbine has been provided bu the split 
in total sha:^ pov/er between main compressor drive and electric power generation has not 
been detailed. 

Figure 3. 10-2 shows the feedwater heating train. MHD generator cooling is done at inter- 
mediate pressure downstream of the deaerator. A low temperature economizer replaces one 
feedwater heater. For specific plant configurations one other of the five feedwater heaters 
shown also drops out. 

♦ 

For Base Case 1, seed was and flue gas scrubbing was used instead of seed for sulfur 

capture. 
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Table 3. 9-2. Mass Balances for the Seed R^rocessing System 
Required for each PSPEC Case 
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Table 3, 9-3. Energy Requirements, Capital Cost, Operating Cost and 
Plant Size for each PSPEC Case 
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Table 3, 9-4. Materials Prices used to Derive Potassiuin Processing Costs 


2 3 

484 $/T 

0. 535 $/KG 

CaO 

35 $/T 

0. 0386 $/KG 

COKE 

90 $/T 

0. 0992 $/KG 

CaSO^ (DISPOSAL) 

0.90 $/T 

0. 001 $/KG 

LABOR: 7 MEN, 14, 000 /YR 




Table 3. 9-5. Summary of Seed Reprocessirg Requirements 
for Example from Base Case 3 


REQUIREMENTS 

MONTANA 

ROSEBUD 

ILLINOIS 

#6 

THERMAL INPUT OF COKE (MWT) 

22.6 

69.9 

OTHER THERMAL REQUIREMENTS 
(MWT) 

0.6 

1.9 

SHAFT POWER (MWE) 

0.4 

1.3 

CREDIT FOR FORMATE (MWT) 

10.0 

31.0 

ENERGY DEBIT (MWT) 

14.2 

43.8 


0.3 

0.9 

CAPITAL COSTS* ($ MILLIONS) 

11.0 

28.5 

~A3^KW 

20 

51 
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SECTION 4 
COSTING 


4.1 GENERAL GROUN^ RULES 

?or consistency and ease of comparison between past and future studies, the cost estimate 
formats, Adelines and the modified FPC code of accounts used for the ETF conceptual de- 
sign study^ were used in this stu<hr. The code of accounts is included as Appendix J. Unless 
otherwise noted, all costs given in this r<^rt are e}q;>ressed in terms of mid-1978 dollars. 
Those costs which were obtained by scaling appropriate values from past studies^, such as 
EGAS I and II or the ETF designs, were escalated to mid-1978 dollars by applying a fixed 
rate of 8% per year to the estimated cost. Numerical values of constants used for cost cal- 
culations are included in an example case. Appendix G. 

4.2 CAPITAL COST 

Conceptual capital cost estimates were prepared for the engineering and construction of the 
reference design case and all parametric variations considered for each of the three Base 
Case MHD Power Plants. The capital costs of the major MHD system components for all 
reference cases and parametric variations were estimated by the General Electric Compare. 
For the three reference cases, the remaining capital costs were estimated by Bechtel Na- 
tional Inc. The Bechtel estimates were based on the conceptual design information supplied 
by GE and costing methods extrapolating from Bechtel's current cost data. On the basis of 
the Bechtel estimates, the three reference cases were updated and the capital cost for the 
re maining parametric cases were obtained by £q;>plying appropriate scaling factors to account 
for the differences between the various systems. 

The capital cost estimates are composed of field construction costs, engineering services, 
contingency and escalation and interest during construction. The largest category, field 
construction costs, includes the direct cost of permanent plant equipment and indirect cost 
of temporary construction materials. A complete listing of c£q>ital costs for all cases is 
included as Appendix H. 

4.2.1 MAJOR EQUIPMENT 

In general, all major equipment costs quoted by this study are direct costs for the components 
delivered to the site. These costs include the costs of auxiliary components, instrumenta- 
tion and control, but do not include installation or field erection unless specifically noted for 
a particular component. 

The cost of the major MHD system equipment was estimated by GE. The MHD channel costs 
were scaled up from the GE ETF Stucty^ and escalated to mid-1978 dollars. Costs for the 
HBSR system components were estimated on a dollars per pound basis, after first determining 
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the furnace size as described in Section 3. 7. 3 and selecting the proper construction materi- 
als. Costing of the MHD magnet and dewar is discussed in Section 3. 4. The basis for esti> 
mating the costs of the MHD combustors, HTAH assemblies and HTAH gasifiers is provided 
in Appendix F. 

The following major equipment costs were supplied by Bechtel: coal handling equipment, 
seed injection equipment, main compressor, and the steam turbine generator set. A listii^ 
of the major equipment costs for all cases is shown in Tables 4.2-1, 4.2-2 and 4.2-3. 

4. 2. 2 BALANCE OF PLANT EQUIPMENT AND MATERIALS 

The costs of balance of plant equipment and materials were estimated based on previous 
woric done by Bechtel in the ECAS n Study^ and escalated to mid-1978 dollars. The balance 
of plant costs were developed by adjusting the ECAS data to account for differences in file 
size or capacity of major items or systems. 

4.2.3 INSTALLATION COSTS 

The labor required to install major equipment was estimated based on equipment size or 
capacity using current Bechtel engineering data. The installation labor required for file 
balance of plant equipment and material was estimated based on the ECAS work. Installa- 
tion cost was computed using the Middletown mid-1978 composite wage rate of $14. 30 per 
manhour, which represents the average United States Labor rate. 

4.2.4 INDIRECT COSTS 

The indirect field costs are those items of construction cost that cannot be ascribed directly 
to portions of the facility and are thxis accounted separately. The items covered under this 
category include: temporary construction fiicilities, construction equipment and supplies, 
miscellaneous construction services, preliminary checkout and acceptance testing, and 
project insurance. These indirect costs were estimated, based on Bechtel's experience in 
constructing fossil-fired plants, at 75% of the direct installation labor costs. 

4.2.5 ENGINEERING SERVICES 

The engineering services include engineering costs, other home office costs and fee. These 
costs were estimated at 15% of the combined total of balance of plant, installation and in- 
direct costs. This was the same method used for estimating the engineering services cost 
in the ECAS n study®. 

4.2.6 CONTINGENCY 

A contingency cost is included in the estimate as an allowance for the imcertainty that exists 
within the conceptual design in quantity, pricing or productivity, and is under the control of 


Table 4. 2-1. Major Equipment Coats Mid-78 Dollars x 10^ 


COMPONENTS 

Case 

Case 

Case 

Case 

Case 

Case 

, 1.0 

1.1 

1.2 

1.3 

1.4 

1.4a 

312 

BOILER PLANT EQUIP. 







312.3 

Radiant Furnace 


13.8 

14.2 

13.4 

14.0 

13.7 

p'lnal Oxidation Furnace 


29.5 

30.4 

28.6 

30.0 

29.4 

312.4 

j Reheaters 


11.1 

11.5 

10.8 

11.3 

11.1 

\ Initial Superheater 


1.3 

1.4 

1.3 

1.3 

1.3 


V^Economlzers 

9.8 

9.8 

10.1 

9.5 

10.0 

9.8 

312.5 

l-Electrostatlc Precipitator 

6.3 

6.0 

7.2 

6.4 

6.4 

6.4 

vSulfur Removal System 

13.9 

13.9 

13.9 

113.9 

13.9 

13.9 


Subtotal 

85.8 

85.4 

88.7 

83.9 

86.9 

85.6 

f 

314.1 

STEAM TURBINE GENERATOR 

27.9 

27.3 

29.2 

27.0 

27.9 

28.6 

317 

MHD TOPPING CYCLE 







317.1 

Main Combustor 

10.7 

9.8 

14.3 

9.9 

6.8 

5.8 

317.2 

rMHD Channel 

18.3 

18.1 

19.8 

18.2 

18.3 

18.5 

^Diffuser 

6.2 

6.3 

6.7 

6.3 

6.3 

6.2 

317.3 

Magnet/Dewar 

116.0 

116.0 

116.0 

200.0 

116.0 

116.0 


^ HTAH Assembly 

131.6 

131.6 

159.8 

131.6 

131.6 

131.6 

317.5^ 

I HTAH Gasifier 

10.5 

9.0 

12.6 

10.5 

10.5 

9.0 

Air Heaters 

2.5 

3.3 

3.2 

4.0 

3.3 

3.3 


\ Main Compressor/Turbine 

11. 7‘ 

11.4 

11.4 

11.9 i 

11.5 

11.1 


^Preheat Compress. /Turbine 

- 

- 

- 

- 

- 

— 

317.4 

Electrical Inversion Equip. 

43.2 

45.7 

39.0 

46.4 

43.8 

41.9 

*312.1 

Coal Handling Equipment 

25.4 1 

22.4 

25.8 ! 

25.4 

25.4 

25.4 

317.6 

rSeed Handling Equipment 

1.4 

1.4 

1 . 4 ! 

1.4 

1.4 

1.4 

\Seed Reprocessing Equip. 


- 

! 

— 


- 


Subtotal 

1 

377.5 

375.5 

410.0 

465.6 

374.9 

370.2 


TOTAL, EXCLUDING 0^ PLANT 1 

491.2 

488.4 

527.9 

576.5 

489.7 

484.4 

317.9 

OXYGEN PLANT 

33.0 

33.0 


33.0 

33.0 

33.0 


Included in Account 317 because BOF estimate lumped coal handling and 
coal injection 
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Table 4. 2-3. Major Equ4>ment Costs Mid -78 Dollars x 10^ 


COMPONENTS 



BOILER PLANT EQUIP. 


312.3 


312.4 


Radiant Furnace 

Final Oxidation Furnace 

Reheaters 

Initial Superheater 
Economizers 


312 5 ( Electrostatic Precipitator 

\ Sulfur Removal System 


Subtotal 


314.1 STEAM TURBINE GENERATOfe 


317.1 

317.2 

317.3 


317.5 


317.4 

*312.2 

317.6 


14.7 14.2 14.5 15.1 13.9 

31.5 30.6 31.0 32.4 29.8 

11.9 11.5 11.7 12.2 11.3 

1.4 1.4 1.4 1.4 1.3 

10.5 10.2 10.3 10.8 9.9 

3.9 3.9 4.0 4.1 4.0 


MHD TOPPING CYCLE 


r Main Combustor 
k. MHD Channel 
Diffuser 
Magnet /Dewar 
HTAH Assembly 
j HTAH Gasifier 
Air Heaters 

I Main Compressor/Turbine 
^Preheat Compress . /Turbine 
Electrical Inversion Equip. 
Coal Handling Equipment 
rSeed Handling Equipment 
^Seed Reprocessing Equip. 

Subtotal 



73.9 71.8 72.9 76.0 70.2 


28.2 26.8 27.4 28.9 25.8 


KifJtu 


7.4 

17.1 

5.7 

107.0 





.0 6.4 

.6 17.1 

.6 5.8 

273.3 


4.1 4.2 3.3 3.8 

10.6 10.4 9.8 11.1 

40.5 38.6 36.4 43.4 

20.1 21.7 22.0 21.7 

1.3 1.3 1.3 1.3 

38.rl 14.3 14.3 14.3 

224.2I252.O 233.3 331.2 398.2 


TOTAL, EXCLUDING O2 PLANT 326.3 350.6 333.6 340.2 494.2 


317.9 OXYGEN PLANT 


85.6 85.4 85.6 87.0 85.6 


*Included in Account 317 because BOP estimate lumped coal handling and coal injection 
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the constructor while still being within the scope of the project as defined. A contingency of 
20% of the field construction cost plus the appropriate percentage of the engineering services 
cost was ^lied to the MHD portions of the system. A contingency of 10% was applied to the 
remaining conventional power plant portions of the system. The higher contingency tilled 
to the MHD system equipment is attributable to the greater uncertainty that exists in its de- 
sign and construction when compared with more conventional power plant equipment. 

4. 2. 7 ESCALATION AND INTEREST DURING CONSTRUCTION 

The cost of escalation and interest during construction m mid-1978 dollars is included in 
the c£^[>ital cost estimate. A 6-1/2 year engineering and construction period was assumed 
for each plant. Based on }iASA guidelines, a 6-1/2% future escalation rate and a 10% in- 
terest rate was also assiuned along with an S-shaped cash flow distribution during the con- 
struction period. These asstimptions are consistent with those used in the ECAS n study. 

4.2.8 OXYGEN PLANT COSTS 

For the system designs requiring oxygen enrichment in Base Case 1 and Base Case 3, the 
cost of the on-site oxygen plant has been included in the capital cost estimates. The prices 
quoted for these oxygen plants were based upon mid-1978 vendor price data, and reflect the 
turnkey price for the appropriately sized oxygen plant. Consequently, the oxygen plant was 
included as a separate item in the estimate, and no balance of plant, labor, engineering 
services, or contingency costs were applied to the oxygen plant costs. 

The capital cost siunmaries for all the cases considered in FSPEC are listed in Appendix H. 
Capital cost comparisons between the three reference cases and the key parametric varia- 
tions of these designs are listed in Tables 4.2-4 through 4.2-7. 

4.3 COST OF ELECTRICITY 

The cost of electricity in mills per kilowatt-hours, was calculated for each case. This cost 
of electricity is a life cycle cost in the sense that it is the average cost of the energy pro- 
duced during the plant lifetime. All costs were based on a thirty-year plant life and a 65 
percent plant c£q>acity factor. In calculating these costs, the year 2000 was assumed to be 
the date for the start of commercial operation with a 6-1/2% general inflation rate asstuned 
throughout the life of the plant. 

The overall procedure used in computing the cost of electricity is described below. First, 
aU the costs for capital investment, fuel and operation and maintenance expenses are esti- 
mated in mid-1978 dollars. These costs are then inflated at their appropriate rates to the 
date for the start of commercial operation. The cost of electricity is then levelized over 
the life of the plant using a present worth averaging technique which expresses the cost as 
a series of equal cash payments made of the life of the plant. Finally, these costs are ex- 
pressed in terms of mid-1978 dollars by deescalating at the same rate as the general infla- 
tion rate. 


Table 4.2>4. Ciqpital Cost Coxaparison (Mid>78 Dollars x 10 ) Beferenoes Cases 


CASE HO. 


BASE CASE SPECIFICATION 

ATM 

PRESS 

°2 


STAR 

HTAH 

4 . 

CAPITAL COSTS: (MILLION $) 




FIELD CONSTEUCTION COST 

896.5 

873.0 

682.0 

ENGINEERING SERVICES 

60.8 

54.9 

53.4 

CONTINGENCY 

150.3 

147.1 

106.9 

OXYGEN PLANT 

33.0 

NA 

85.6 

ESCALATION AND INTEREST 
DURING CONSTRUCTION 

131.1 

123.6 

106.7 

TOTAL CAPITAL COST 

1271.7 

1198.5 

1034.6 

PLANT OUTPUT (MW«) 

1189.3 

1257.4 

1089.3 

PLANT CAPITAL COST ($/kW«) 

1069.1 

953.2 

949.8 


Table 4. 2-5. Capital Cost Comparison (Mld-78 Dollars x 10®) Plant Size Variations 


CASE NO. 


THEBHAL POWER TO MHO COMBUSTOR 


CAPITAL COST ; (MILLION $) 
FIELD CONSTRUCTION COST 
ENGmERING SERVICES 
CONTINGENCY 

ESCALATION AND INTEREST 
DURING CONSTRUCTION 



873.0 
54.9 

147.1 
123.6 


663.4 

42.1 

111.7 

94.0 


517.5 

34.0 

86.6 

73.4 


TOTAL CAPITAL COST 
PLANT OUTPUT (MWe) 


1198.6 

1257.4 


PLANT CAPITAL COST ($/kWe) 


953.2 



























Table 4. 2-6 


Capital Cost Comparison (Mid-78 Dollars x 10^) Combustion Variations 


CASE NO. 

2.0 

2.0a 

2.1 

2.16 

PRIMARY CHANGE FROM 
REFERENCE CASE 

REF. 

S^PMB 
+ COAL 

ILL. #6 

4 IcV/m + HOT 
BOTTOM HTAH 

CAPITAL COSTS; (MILLION $) 





FIELD CONSTRUCTION COST 

873.0 

878.4 

873.6 

771.6 

ENGINEERING SERVICES 

54.9 

53.8 

54.3 

51.1 

CONTINGENCY 

147.1 

150.5 

146.9 

129.0 

ESCALATION AND INTEREST 
DURING CONSTRUCTION 

123.6 

124.5 

123.6 

109.5 

TOTAL CAPITAL COST 

1198.6 

1207.2 

1198.4 

1061.2 

PLANT OUTPUT (MWe) 

1257.4 

1165.4 

1272.0 

1202.9 

PLANT CAPITAL COST ($/kWe) 

953.2 

1035.9 

942.1 

882.2 


Table 4. 2-7. Capital Cost Comparison (Mid-78 Dollars x 10^) MHD Flow Train Variations 


CASE NO. 

2.0 

2.7 

2.15 

PRIMARY CHANGE FROM REFERENCE 
CASE 

REF. 

(8-7) T 
MAGNET 

DUAL FLOW 
TRAIN 

CAPITAL COSTS: (MILLION $) 




FIELD CONSTRUCTION COST 

873.0 

1044.1 

1135.4 

ENGINEERING SERVICES 

54.9 

55.1 

69.6 

CONTINGENCY 

147.1 

181.9 

198.6 

ESCALATION AND INTEREST 
DURING CONSTRUCTION 

123.6 

147.3 

161.4 

TOTAL CAPITAL COST 

1198.6 

1428.4 

1565.0 

PLANT OUTPUT (MWe) 

:.257.4 

1293.2 

1257.4 

PLANT CAPITAL COST ($/kWej 

953.2 

1104.5 

1244.6 
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The levelizatlon procedure and cost equations used in this studty are described in Chapter 3 
of the EPRI report entitled "Comparative Stu^ and Evaluation of Advanced Cycle Systems. 
Using a 30 year plant life, a 6-1/2% inflation rate and a weighted cost of capital equal 

to 10% per year, the calculated value of the cost leveUzation factor is 1. 882. This was the 
value used in levelizing the fuel and operation and nuiintenance costs for each of the PSPEC 
cases. 

4.3.1 CAPITAL COSTS 

The cost contribution to the cost of electricity was determined according to NASA 

guidelines by ^;)plying a fixed charge rate of 18%/year to the total capital cost. 

4.3.2 FUEL COSTS 

The fuel cost portion of the cost of electricity was determined for each case usixig an aver- 
age mid-1978 coal price of $1. 05/MBTU. This price was assumed to escalate at a rate equal 
to the general inflation rate of 6-1/2% per year throughout the construction period, and con- 
tinue on at this rate throughout the life of the plant. Using these assuncptions the resulting 
fhel costs were levelized over the life of the plant. These levelized costs were then de- 
escalated to be expressed in mid-1978 dollars. 

To determine the sensitivity of the cost of electricity to increases in fue' 'osts, a range of 
different coal prices and various annual inflation rates were considered over the life of the 
plant. The fuel costs varied from a low value of $. 50/MBTU in mid-1978 to a high value of 
$1. 35/MBTU. The range of coal inflati on rates considered extends up to the case where coal 
prices increase at a rate of 6% higher than the general inflation rate (11-1/2%). The effects 
of these coal price variation^ on the levelized fuel cost of electricity are shown in Table 
4. 3-1 for two different plant operating efficiencies. 

4. 3.3 OPERATION AND MAINTENANCE COSTS 

The operation and maintenance costs included in the cost of electricity were es timated based 
on previous work done by General Electric in the ECAS II study. 

4. 3. 3.1 Maintenance Cost 

The maintenance cost for conventional plant components were developed by acUusting the 
ECAS data to account for differences in plant sizes and escalating to mid-1978 dollars. For 
the MHD cycle advanced technology components, estimates of the minimum e;q>ected service 
lives were reevaluated, and selected maintenance methods were reviewed. The ECAS data 
was then adjusted to reflect changes and escalated to mid-1978 dollars. For the MHD gener- 
ator, a minimum service life of 10, 000 hours was assumed. 
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Table 4. 3-1. Impact of Inflation on Fuel COE Levelized Costs, 
Assuming Starti^ in Year 2000 (Mid-78 Dollars) 




MILLS/KW NR 

R’EL COST RISE 

■■ 

POWER PLANT 



i LOW 

HIGH 


EFFICIENCY 

k$.50/MBTl*) 

($1.35/KBTU> 

V" 

IHFLATIOM ^ Ot 

3bX 

8.9 

24.1 


hSZ 

7.1 

19.3 

! ■ 

DIFFERENCE 

o 

■ 4'.8 

INFLATIOH + 2.5Z TO 

36X 

14.9 

40.1 

YEAR 2000 

«5X 

11.9 

32.1 


DIFFERENCE 

3.0 

8.0 

INFLATION + OT AFTER 
j YEAR 2000 




INFLATION + 2.5X 

3bX 

20.1 

54.2 


45X 

16.1 

43.4 


DIFFERENCE 

4.0 

TO* 

INFLATION +5X TO 

36X 

24.5 

66.1 

YEAR 2000 

45X 

19.6 

52.9 


DIFFERENCE 

4.9 

13.2 

INFLATION + nX AFTER 
YEAR 2000 

1 



INFUTIOH +5X 

361 

46.1 

124,5 


45X 

36.9 

99.6 


DIFFERENCE 

9.2 

24.9 


4. 3. 3. 2 Operating Labor Costs 


In calculating the operational labor costs, the same number of plant operating personnel 
required for the open cycle MHD plant in the ECAS n study*^ was also assumed for the plants 
considered in this analysis. With the number of employees for each case estimated in this 
manner, the average annual salary phis fringe benefits and overhead specified in the ECAS n 
stucfy was escalated at 8%/year to arrive at the total operating labor cost expressed in mid- 
1978 doUars. 


4.3. 3. 3 Operating Consumables and Supplies 

The operating consumables cost for the conventional plant equipment were scaled from 
ECAS n numbers and escalated to mid-:1978 dollars. The seed makeup requirements and 
costs for the seed reprocessing plants were calculated using the recommended methods and 
cost data supplied by the Hooker Chemical Company^. These costs were then added to the 
conventional plant equipment costs to determine the total cost of operating consumables for 
each plant. 
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4.4 DISCUSSION OF RESULTS 


Cost and efficiency for tlie three references cases are summarized in Table 4. 4>1 and com- 
plete tabulations of capital and operating costs through COE for all cases are included as 
Tables 4. 4-2 through 4. 4-4. Breakdowns of cq;>ital cost by major account are included as 
Appendix H. 


Table 4. 4-1. COE and Efficiency for References Cases 


CASE 

1.0 

2.0 

3.0 

BASE CASE 

HTAH WITH 
ATMOSPHERIC 
PRESSURE 
GASIFIER FOR 
REHEAT 

HTAH WITH 

PRESSURIZED 

REHEAT 

Air + 40% O 2 , 
NO HTAH 

CAPITAL COST ($/kWe) 

1069.1 

953.2 

949.8 

COE (MlUs/KwHr) 

55.8 

52.05 

52. 88 

EFFICIENCY 

41.4 

43.4 

42.9 


Of the reference cases, the O 2 enriched case. Base Case 3, is intermediate between the two 
cases involving an indirectly-fired HTAH system’". The differences in COE are relatively 
small however, and the O 2 enriched approach has an advantage in that the equipment for O 2 
production requires no development whereas the HTAH subsystem represents some extra- 
polation from present steel industry and high temperature test facility practices. 

The perturbations from the reference case in Base Case 1 led to relatively minor variations 
(see Table 4. 4-2). The sqiparent decrease in cost with the use of Illinois #6 coal does not 
reflect the difference in sulfiir removal cost, since sufficient detail on the dry scnibber sys- 
tem was not available at the time the tables were prepared'"’". As previously noted, the 
power required for O 2 enrichment in conjunction with an HTAH system resulted in a net de- 
crease in system ou^t (compare Cases 1. 0 and 1.2) but the reduced size of the HTAH 


* In costing the Base Case 3 magnet the reduced mass flow rate associated with O 2 enrich- 
ment was not accounted for initially. Reducing exit warm bore from 5. 4 m to 5. 0 m re- 
sults in a saving of about $9 million in major equipment cost. A correction to COE has 
been made for all Base Case 3 cases. 

’"’" Updated cost estimates for the FGD system for Base Casa 1 indicate that additions should 
be made to both capital and operating COE. For Case 1. 0 (Montana Rosebud Coal) add 0. 7 
miUs/KWhr to capital and 3. 6 mills/KWhr to levelized operating cost. For Case 1. 1 
(Illinois #6 coal) the comparable figures are 1. 2 and 4. 5 mills/KWhr, respectively. 
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Table 4.4-2. Base Case 1, Cost Summary Through COE 
(Mid-78 Dollars, Fuel and OtiM Levellzed) 




— 

CO 

• 

i-l 

Slag 

Rejection 

A84.A 

16A.2 

137.6 

103.1 



889.3 

60.7 

148.8 

33.0 

130.1 

1261.9 

1192.0 

1058.6 



33.47 

16.25 

5.50 

55.22 

41.50 
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See Table 1.5-2 for details of case variations 



Table 4. 4-3. Base Case 2 Cost Summary Through COE 
(Mid-1978 Dollars, Fuel and O&M Levelized) 


1 



1 

i 








See Table 1.5-2 for details of case variations 


Table 4. 4-3. Base Case 2 Cost Simiinary Through COE 
(Mid-1978 Dollars, Fuel and O&M Levelized) (Continued) 



2.11 

2000 

l!Wt 


382.9 

113.3 

95.5 

71.7 

663.4 

rH 

« 

CM 

111.7 

NA 

94.0 

911.2 

CM 

• 

00 

00 

1027.1 



32.47 
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See Table 1.5-2 for details of case variations 



Table 4. 4-3. Base Case 2 Cost Summaiy Through COE 
(Mid-1978 Dollars, Fuel and O&M Levelized) (Continued) 
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See Table 1.5-2 for details of case variations 

ic* 

Based on 65% availability for all cases. Dual flow train (case 2.15) would require 85% availability 
to match capital cost of case 2.0. 



Table 4. 4-3. Base Case 2 Cost Suimnary Through COE 
(Mid-1978 Dollars, Fuel and O&M Levelized) (Continued) 
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See Table 1.5-2 for details of case variations. 


Table 4. 4-4. Base Case 3 Cost Summary Through COE 
(Mld-1978 Dollars, Fuel and O&M Levelized) 
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See Table l,5-2 for details of case variations 



subsystem results in a small saving in COE. Net gain in plant output witii tbe 7T field (Case 
1. 3) was ixisuificient to counterbalance increased magnet cost and differences in combustor 
design (Cases 1. 4 and 1. 4a) had little effect on cost. 

Variations in MHD generator and system configuration were concentrated in Base Case 2 
(pressurized HTAH) and one of these. Case 2. 16, gave the best COE of all the oases ex- 
amined, as well as an increase in efficiency relative to Reference Case 2. 0. Several cases 
from Table 4. 4-3 illustrate singly and together the improvements which led to the Case 2. 16 
results. Case 2. 16a shows that part of the improvemmit over Case 2. 0 uhioh resulted from 
adcKtional thermocfynamic regeneration made possible by a higher tenq>erature at tiie bottom 
of the HTAH array and the concomitant reduction in the height and fiierefore the cost of the 
ceramic heat exchangers. 

Case 2. 16 also utilized improved MHD generator performance obtained b]r specifying a uni- 
form transverse electric field of 4 KV/m (Case 2. 16b) and computing the required magnetic 
field distribution. A peak magnetic field greater than 6T results, but the field distribution 
is such that structural containment requirements are not much more severe than fiie'nominal 
6T t£q>ering to 5T case. Also, while not included in this phase of the study, indications are 
that essentially the same MHD generator performance can be reached by a combined con- 
straint of 6T peak magnetic field and 4 KV/m transverse electric field. The noagnet for 
Case 2. 16 was therefore assumed to cost the same as the 6T magnet for Case 2. 0. 

By itself, the hot bottom approach. Case 2. 16a, results in a 1. 7 mill/KWhr saving over the 
reference case, while the ST magnet, costing 2. 5 times the 6T magnet (Case 2. 7), adds 4. 3 
mills/KWhr to COE. The margin of improvement from Case 2. 16a to Case 2. 16 is therefore 
dependent on a more precise evaluation of incremental magnet cost, if ai^. 

Some coal and combustion system variations, all involving moderate slag carryover, were 
also examined. The best pressurized moving bed gasifier case was that which assumed split 
stream slagging pressurized moving bed (S^PMB), supplemented with direct coal firing. 

While the difierences are not large, it sqqpears that the reference case two-stage cyclone 
approach is siperior. Use of Illinois #6 coal (Case 2. 1) improves efficiency and reduces 
cost because of the reduced moisture and additional heating value but this inq;>rovement is 
partly offset by the penalty for additional sulfur removal*. 

The relationship between the cost of electricity and power plant size was e}q)lored in Cases 
2. 10, 2. 11 and 2. 0. As might be e^qpected, COE varies inversely with plant size due to a 
combination of increased unit coital cost and reduced efficiency. COE for these three cases 
is plotted in Figure 4. 4-1, along with the value for Case 2. 16. A curve parallel to the refer- 
ence case size variation curve has been plotted throiigh the point corresponding to Case 2. 16 


* Here dry scrubbing ^plies only to the HTAH combustion gas stream and the COE incre- 
ments over the tabulated values are 0. 5 mills/KWhr capital and 1. 4 mills/KWhr levelized 
operating cost for Case 2. Os. The comparable figures for Case 2. 1 are 0. 8 mills/KWhr 
and 1. 8 mills/KWhr, respectively. 
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Figure 4. 4-1. Cost of Electricity as a Function of Plant Size and Type 

and extnqx>lated to cover the range of power plant sizes being considered for commercial 
operation. The costs of electricity for the other two reference cases, as well as the open 
cycle MHD plant and the conventioiial steam plant from EGAS are shown for compari- 
son. The CX?MHD plant was 4000 MWt and assumed the use of direct fired air beaters. The 
conventional steam plant analysis was on the assumptions of wet lime stac k gas scrubbers 
and stack gas reheated to 175 F^^. 

COE is calculated from data in original studies escalated to mid-1973 dollars at and 
using PSPEC rules for contingency and for interest and escalation d uring construction. Fuel 
and operation and maintenance costs were levelized using PSPEC ground rules. Costs are 
higher than, but close to, those of die conventional plant. However, the assumed fiiel cost 
is relatively low and was assumed to increase only at the general inflation rate d u rin g the 
life of the plant. In additioti, the conventional plant cannot meet the emission sta nda rds to 
which the MHD plants were designed and emission standards, which, along with availability, 
may well be the most important criteria to be met. 

In raaking the estimate for the dual power train iCase 2. 15'» the HTAH cost was multplied by 
1.05 to account for the atkfiticaal piping and valves required to stpply die seccnd coirbustor. 
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Also the magnet cost was multiplied by 1. 95 on the assun^on that total di^lication of the 
magnet sig)port system would not be needed. As indicated in Table 4. 4-3, the increase in 
COE for the dual power train approach is more than 9 mills/KWhr. However, the effect 
of presumably greater availability was not included. In order to match the ci^pital cost of 
the Beference Case (Case 2. 0), availability would have to be 85%, as opposed to the 65% 
assumed for all cases. 

As in Base Case 1, parametric variations for B«se Case 3, Table 4.4-4, made some minor 
differences in cost md performance but no substantial dianges from die reference case were 
obtained except for die 8T magnet. Case 3. 5, where a 1-point efficiency in^rovement was 
insufficient to overcome die larger magnet cost. Enrichment to 40 Ib O 2 per 100 lb air 
(equivalent to about 42 mole % oxygen in the mixture) was chosen on the basis of selecting 
the highest net MHD generator output (gross MHD less power for main compressors and O 2 
production) from among calculations for 20, 30 and 40 Ib/lOO lb air. Overall cost optimiza- 
tion daring conceptual design is expected to result in a lower degree of O 2 enrichment. 
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Since completion of the EGAS and the ETF conceptual design studies, there has been wide- 
spread recognition that a consideration of system implications and component interactions 
is essential to the orderly development of OCMHO. The combustor and MHD generator 
taken together remain the central issue in achieving the performance, reliability and desir- 
ability essential to commercializati<m of the MHD power generation. Other subsystems 
also require development at more than the sin^.e component level, in particular the Heat 
Recovery/Seed Recovery and High Temperature A^ Heater Subsystems. 

Dynamic analysis, considering start-up, shut-down and load change as well as oscillations 
under nominadly steady state conditions, while not within the scope of this study, is an 
area which must also be considered during flow tr im development. A capability for pre- 
dicting such interactions could be important in the design of scaled up components and tibe 
development of control strategies and operating procedures. 

5.1 COMBUSTOR 


This study was limited to systems with zero to moderate slag carryover, which puts an ad- 
ditional constraint on combustor performance beyond those of reaching conductivity, uniform- 
ity, temperature, reliability and durability goals. 

5. 1. 1 MODERATE SLAG CARRYOVER COMBUSTORS 

The moderate slag carryover systems all depend on some form of cyclonic separaticm and 
must either perform this separation at temperatures low enough to inhibit slag wiporization 
or depend on kinetic effects to maximize separation before vaporization has time to occur. 

To the level of analysis uxidertaken herein, the expected performances of the single-stage 
vortex and the two stage slagging cyclone are essentially indistinguishable axul the issues 
in further development are: 

1. Achievement ot performance goals : 

Can specified conductivity, temperature and slag rejection be reached? 

2. Uniformity 

Can a i^asma with sufficiently uniform properties (temperature, conductivity) be 
delivered to the ?,IMD generator? 
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3. Scaling; 

How do slagging characteristics and heat loss change with size? 

What size modules are optimum and how can the modules be manifolded to minimize 
heat loss? 

4. Stability; 

Stead-state performance analysis indicates that subsonic operation of the MHD gen- 
erator is clearly superior from a performance stanc^int, but the combustor and 
generator are then gas dynamically coupled. Oscillations resulting from combustor- 
generator interactions are likely, and are a particularly critical scale-up consider- 
ation. 

5. Durabil ity; 

Will the combustor operate reliably for a lifetime satisfactory for electric utility 
operation? 

5. 1. 2 ZERO SLAG CARRYOVER COMBUSTORS 

The advantages and drawbacks of zero slag carryover operation TV'ere addressed in the G£ ETF 
stu(fy^. The advantages include electrical isolation between combustor stages (so that coal 
and oxidizer feed and slag removal systems can operate at ground potential) plus simplification 
of seed recovery by elimination of the need for slag/ seed separation. However, hot ceramic 
electrodes require further develc^ment and a suitable combustor must be identified. Some 
form of gasifier/ combustor is required, and this has the potential further advantage of draw- 
ing on technology alreatfy under development. 

An adaptation of the Foster Wheeler fluidized bed concept was coxisidered during the ETF study, 
but the dual constraints of bed temperature low enough for solid ash removal and gas heating 
value sufficient to reach final plasma temperature resulted in very severe first stage fuel/ 
oxidizer ratio and inert bed circulation r^uirements. 

A slagging gasifier relaxes both of the above constraints and results in potential operation at 
conditions comparable to existing gasifiers. As described in Section 3.1.2, a variant of the 
slagging moving bed gasifier concept was studied for PSPEC, The concept utilizes two gas 
streams, one CO rich stream is used for the MHD combustors and the other, containing most 
of the hydrocarbons and moistxire, is used for the indirectly fired HTAH subsy stem. Existing 
test data with this type gasifier is for o:;qrgen/ steam blow operation at relatively high pres- 
sures (p ~ 25 atm). Operating data for air blown only operation at pressures, in the range of 
5 to 10 atmospheres, would be required to verify projected MHD operating conditions and to 
determine the maximum preheat air temperature capability of this gasifier operating air blown 
for oxygen enrichment without steam might also be considered. Split stream operation requires 
some hardware development and will probably require integration with a separate application 
such as a petrochemical plant. 


5.2 MHD GENERATOR 


Substantial progress has been made in achieving long life in electrode and channel operation 
under realistic local ccnditicms of temperature, chemistry, current density and voltage gra> 
dient. Still, achievement of the plant efficiency range shown in this stu<ty is heavily dependent 
on reaching the output power levels predicted by the quasi-one dimensional analysis of the com- 
bustors and the MHD generator. 

Scaling of predictions over a range from presently contemplated 20 to 50 MWt testing through 
the ETF-size range of 500 MWt to full scale plants in the 1200 to 2800 MWt range requires an 
assessment of the relative importance of many effects not fully accounted for with the per- 
formance model used in this study. Thus, include electrode voltage drop with the influence of 
electrode surface temperature and slag deposition and end effects. 

Verification of this performance requires testing at a scale and magnetic interaction sufficient 
that losses are not dominant and enthalpy extraction becomes a significant fraction of thermal 
input power. Constant electrical stress design can, in principle, significantly increase gen- 
erator outyut but testing will be required to prove the concept, with regard to both power out- 
put and electromechanical design. 

Since magnet cost is an important contribution to overall plant cost, channel construction must 
emi^asize minimization of the ratio of warm bore to gas dynamic cross-section. Ability to 
withstand the axial voltage gradient may require use of non-electrical conducting structural 
materials probably of the reinforced epoxy or polyimide class. This, in turn, requires a 
coolant system ciq)able of maintaining temperatures below 500°F. Isolation of generator 
coolant from the primary boiler feedwater loop will probably also be reqtiired, both to mai ntain 
feedwater purity and to simplify channel replacement. 

Power takeoff and inversion also require develc^ment effort. The conclusion was reached in 
both the GE^ and AVCO^ ETF studies that insufficient data were available to make an effective 
choice between the Faraday and diagonal concepts*. As in the case of one-stage versus two- 
stage combustors, the finid selection will depend on factors other than predicted design per- 
formance. These include: 

1. Fabrication methods 

2. Construction and maintenance cost 

3. Cooling requirements 

4. Capability and need for control of individual electrode pairs 

5. Off-design performance 

6. Power takeoff and inversion cost 


* Linear channels only were considered. The disc concept is the subject of a separate stucty 
now in progress^. 
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5.3 MAGNET 

There appears to be less uncertainty r^arding the feasibility of extrapolation of current super- 
conducting magnet technology to baseload size than for some other parts of the MHD plant. At 
maximum field of 6 to 7 Tesla, niobium-titanium styperconductor is adequate and this stucty has 
shown that there is little to be gained by attempting to operate at higher field strengths. 

However, while feasibility is not in question, there is substantial uncertainty regarding the coat 
of this most expensive single component of the MHD/ steam power plant. In addition to warm 
bore specification, cost is dependent on design, fabrication methods and shipping limitations 
because the cost of the structure is an order of magnitude greater than the cost of the con- 
ductor. 


HEAT RECOVERY/SEED RECOVERY SYSTEM 


Identification of Kraft recovery boiler technology in the AVCO/Combustion Engineering ETF 
stutty^ was a significant forward step in design of the steam generator component for a moder- 
ate slag carryover MHD/ steam power plant. The presently planned 20 MWt^ ejqperimental 
study should be directed toward obtaining the design data necessary to construct the HBSR at 
ETF and baseload scales. The primary issues, all concerned with the gas side, are: 


1. NO^: Can NO^ emission standards be met by ctmtrolling the time-temperature pro- 
file at plasma exiting the MHD diffuser. This problem is particularly acute at the 
20 MWt size because control of cooling rate is more difficult at the 20 MWt size than 
at larger sizes and a ceramic lining of the furnace, which is unnecessary at 300 MWt 
and larger sizes will be required. In spite of the extra difficulty, it will probably be 
necessary to actually demonstrate effective NOj^ reduction at the 20 MWt size. 

2. Seed/Slag Separation; The HRSH design must be capable of separating slag from seed 
sufficient for economic overall plant operation. Costing for this study was done on 
the assumption of 95% seed recovery but some additional parametric anatysis to de- 
termine sensitivity to a range of recovery levels is appropriate. 

3. Gas Emissivitv: A major uncertainty in HRSB design is the influence of particulates 
on the radiant emission characteristics of the plasma in the Radiant Furnace. The 
particulate emission factor was set equal to 1.1 (for no particulate, F£ » 1.0) for 
PSPEC analysis but experimental data are required. 

Afterbum; Initial combustion with 85 to 90% stoichiometric oxidl%.<»i' produces both 
maximum plasma temperature and minimum NOj^. Combustion is therefore completed 
in the HRSB subsystem. Analysis indicates that this can be accomplished in a temper- 
ature range low enough to avoid additional NO^ formation but high enough for complete 
conversion to CO but development testing is necessary. 



A final issue in the HBSR system is one of materials survivability. The 2000 hour test life con- 
templated for the 20 MWt HBSB experiment is insufficient to establish long term survivability. 
Detailed economic trace-offs with reliable materials data will be required to optimize the HRSB 
system. 




5.5 SEED REPROCESSING 

Both alternatives for seed reprocessing which were examined in this study are technically 
feasible, but the formate process is clearly more economical than the electrochemical, in 
both capital and (derating cost. The Hooker Chemical Company recommendation of using a 
slurry rather than a saturated solution in the formate process has a distinct system advantage 
in reducing thermal energy needed for water evi^ration. 

Reactor size was established on the basis of extr^x>lation from a similar sodium sulfate 
process (3 times the NaSO^ reactor size was assumed) but experimental evaluation is needed. 

A relatively modest, separate, oxygen blown, coke gasifier is required. The energy require- 
ments are such that the plant is very nearly self-contained and a conceptual design would 
probably be on that basis. Given a reasonable storage capacity for both spent and reprocessed 
seed, if the seed reprocessing plant is self-contained, it can cperate at the average capacity 
of the power plant independent of load fluctuations. 

Economics appear to favor "once-through" processing to calcium sulfate rather than recovery 
of elemental sulfur. The end product is stable for disposal provided the spent seed is fully 
convr^rted from sulfite to sulfate prior to reconversion to formate. 

5.6 AIR HEATERS 

Of the cases considered in this stud|y, those with Indirectly fired high temperature air heaters 
with pressurized reheat supplying SOOO^F preheated air are the most efficient and cost effec- 
tive. The major development issues for such a system are: 

1. Efficient Combustion System; The regeneratively air cooled high slag rejection cy- 
clone combustor now under development at GE, combined with dry scrubbing (possibly 
with coal beneficiation) is recommended. This combustor has performed well at 1 
atmosphere and tests at up to 4 atmospheres are already planned. 

2. Slag Carryover; Complete elimination of slag/ash carryover from a cyclone com- 
bustor does not iq>pear feasible. Provision must be made, therefore, for periodic 
removal of slag and ash which may collect in the bed. Recent data from Montana 
State University^ and from FluiDyne Engineering Co.^ STiggest that it will be feasible 
to melt out slag by periodically heating the bottom of th j air heater to a temperature 
above slag melting. 

3. Gas Turbine Drive for Pressurization ; Gas turbines have proved sensitive to particu- 
late matter, especially alkali metals salts when used with coal combustion products. 
However, in the air heater application inlet temperature is iq>proximately 900°F and 
data from locomotive gas turbine development^ and other applications indicates that 
this temperature is low enough to assure sufficient turbine life. 

The inherent thermodynamic advantage of diirectly fired air hea^iers has been partially over- 
come by careful integration of the recuperative air heaters. There are also several practical 
advantages of the indirectly fired system in addition to the obvious one of avoiding the necessity 


to aurvivo tho sl«s/a««d laden plasma fxom the MHD poorer train. These advantages lie in the 
pressurization of the combustion process in the indirectly fired case. With pressurized re* 
heat the high temperature v&lves need not withstand more tiiau a nominal pressure differential 
and there is no need for pressurization or pressure letdown stages in the air heater cycle. 

5.7 O^PIANT 

An obvious advantage of enrichment without a regenerative air preheat system is that de- 
velopment of the latter can be deliQred at least until after the MHD flow train has demonstrated 
its value. 

Since the O 2 plant is essentially an off-the-shelf package the only development issues relate 
to selection of compressor and oUber components for maximum cost effectiveness and to 
possibilities (or desirabilities) of integration with the rest cf the system. 
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6.1 GENERAL 

Figure 6. 1-1, repeated from Section 2, summarizes the results of performance analyses 
comfdeted in this phase of the PSPEC study. As indicated in Figure 6. 1-1, calculated 
coal pile to bus bar efficiencies fall in the range of 42 to 46%. This range is consistent 
with "black box" type estimates of efficiencies relative to those for the directly fired 
system considered in ECAS II. A reduction in performance associated with more realistic 
estimates of some losses, such as those in the combustor, was compensated for by im- 
provements in {dant integration, including partial regeneration, better steam {dant per- 
formance and reduced energy for seed reprocessing. The combustor and generator must 
be considered together because, since exit pressure is fixed, generator performance de- 
termines operating pressure and both components are sensitive to pressure. 

Differences in both performance and cost determination in this study, for individual para- 
metric variation, while large in absolute Megawatts and dollars are quite small on a "per 
unit" basis. Nevertheless, the parametric cases showed sufficient variation to suggest 
combinations better suited for early commercial design. Calculations have been carried 
to a precision sufficient to avoid round-off error for case by case comparison and are not 
meant to imply that absolute accuracy. 

To the precision of the calculations and the assumptions on which they are based, there is 
no significant difference in performance between a single-stage combustor with 70% slag 
rejection and a two-stage combustor with 85% slag rejection. This is the result of several 
compensating phenomena including the effect of operating pressure on heat loss and the in- 
fluence of slag on plasma conductivity. ETF size modules were assumed, neglecting mani- 
folding in the single stage case but accounting for manifold losses to a single second stage 
combustor in the two-stage case. Slagging gasifiers can produce a high-temperature, high- 
conductivity slag-free plasma but complete and effective use of the moisture and volatiles 
laden "top gas" stream from the S^PMB (See Section 3. 1. 2) requires a separate application 
such as petrochemical production. 

Analysis also indicates that MHD generator performance can be improved by tailoring the 
magnetic field so as to produce a constant electrical stress in the channel. Estimating the 
cost of construction of baseload size magnets requires substantial extrapolation from ex- 
isting information, particularly if an 8 - 7 Tesla field is specified. The stronger field offers 
only a modest (~ 1. 2 percentage points) theoretical improvement and is not warranted for 
any early commercial plant. Structural containment is the dominant cost element and a field 
between 6 and 7 Tesla near the upstream end where bore size is smaller tailored to approx- 
imate the constant electrical stress condition is recommended. 
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6.2 SUMMARY OF BASE CASE RESULTS 


6. 2. 1 BASE CASE 1 

This case considered an indirectly fired HTAH delivering 2700 F air with an atmospheric 
pressure gasifier for HTAH reheat. The efficiency range was 41. 4% to 42. 9% including 
flue gas desulfurization with the dry scrubbing process for both the HTAH and MHO com- 
bustion products. The HTAH penalty is significant in this system and there is no net 
gain from O 2 enrichment. These systems had the highest cost of electricity and are not 
recommended for development. 

6. 2. 2 BASE CASE 2 

This case considered an indirectly fired HTAH delivering 3000 F air. Pressurized reheat 
was assumed for all but one parametric variation. Plant efficiency ranged from 42. 0% to 
45. 6% including seed reprocessing by the formate process. Both gasifiers and cyclone 
(or vortex) combustors were examined. The best efficiency, Case 2. 16, was obtained with 
a hot bottom (1300 F input air) HTAH and an MHD generator operating in a magnetic field 
tailored to keep electrical stress constant. Case 2. 16 had the lowest cost of electricity 
and is reconunended for conceptual design. 

6. 2. 3 BASE CASE 3 

This case considered recuperative air preheat in the range of 1100 F to 1300 F, combined 
with O 2 enrichment to 42% by volmne (See Section 1.3). In the absence of an HTAH with 
its hi^ thermal losses, O 2 enrichment can yield efficiencies comparable to Base Case 2. 

Cost of electricity is higher than for Base Case 2 but improvement is possible adth further 
tradeoffs of cost versus enrichment level and there may also be some opportunity to integrate 
the O 2 idant with the MHD/steam plant. Development of the HTAH can be postponed and the 
O 2 enrichment concept is also recommended for conceptual design. 

6.3 COSTING 

Figure 6. 3-1 repeated from Section 4. 0 summarizes costing results. The increase in cap- 
ital cost relative to the ECAS H directly fired HTAH plant shown in Figure 6. 3-1 is primarily 
a result of higher estimates for the magnet and HTAH (or O 2 plant) subsystems. There are 
other capital cost differences, most notably the low temperatuire recuperative air heater cost 
is substantially lower. Recuperative air heater cost reduction is the result of a change in 
concept to hanging panels with headers which are not exposed to the high temperature gas 
plus utilization of high velocity on the air side to keep metal temperatiure close to the air 
temperature. Changes in absolute levels of costs are partly due to a change in base year 
from 1975 to 1978 and partly because costs have been levelized to present a more accurate 
comparison with other, less efficient systems. 


Note added in proof: The O 2 enrichment concept has been selected for conceptual design 
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Figure 6. 3-1. Cost of Electricity as a Function of Plant Size and Type 

The reference cases for the three base cases (Cases 1. 0, 2. 0 and 3. 0) have slightly different 
outputs because, for analytical convenience, input thermal power to the MHD power train 
was held constant at 2800 MWt. Plant size variation was considered in Base Case 2 (1500 MWt 
and 2000 MWt to MHO power train) and a size cost trend was established which indicates 
potential COE gains to 2000 MWe. The dashed line through Case 2. 16 was drawn parallel 
to the size trend line. 

For comparison, both the conventional steam plant studied as part of ECAS^ and the ECAS 
directly fired HTAH results are also plotted. Costs have been reotlculated consistent 
with the 1978 base year and the levelizing algorithm used in this study. 

Costs are higher than, but close to, those of the conventional plant. However, the assumed 
fuel cost is relatively low and was assumed to increase only at the general inflation rate 
during the life of the plant. In addition, the conventional plant cannot meet the emission 
standards to which the MHD plants were designed and, emission standards, along with avail- 
ability, may well be the most important criteria to be met. 
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APPENDIX A 

DICTIONARY OF NODE NAMES 


APPEIJDIX A 


DICTIONARY OF NODE NAMES 

Nodes shovm on systen diagrams in this report are defined below. They 
were given alphanumerfc deslg.iations intended for use in system code OCSYS 
as well as on the- diagrams. 
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APPENDIX B 

SYSTEM DIAGRAMS AND ENERGY FLOW SUMMARIES 


APPEHDIX B 


SYSTEM DIAGRAMS AMD ENERGY FLOW SUMIARIES 


Appendix B contains tabulations of ovarall afficiancias, a sat of 
system diagrasw with state points and a complete sat of energy flow summaries. 
System diagrams in most cases apply to several cases and state points are 
tabulated only for those cases for which a system code balance was rut.. 

An enexgy flow summary was prepared for all cases considered in the study. 


BASE CASE 1 


INDEX 


Case 

Overall 

System 

State 

Energy Flow 

Number 

Efflclencv 

Diagram 

Points 

Summary 

1.0 

/ 

/ 

/ 

/ 

1.1 

/ 

/ 


J 

1.2 

/ 

/ 


/ 

1.3 

/ 

/ 


/ 

1.4 

/ 

/ 


/ 

1.4A 

/ 

/ 
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B-2 POOR QUALrrV 



Overall Plai 

Base Caaa 1 


Casa 

No. Paranatar Variation 

1.0 Rafaranca Casa 

1.1 Illinois #6 Coal 

1.2 Air Only 

1.3 (7-6) Tasla llagnatic Field 

1.4 Single-Stage Combustor 
852 Slag Rejection 

l>4a Single-Stage Combustor 

702 Slag Rejection 


Efficiency 


Efficiency 


41.41 

42.90 

41.73 

42.21 

41.76 


41.50 









STATE POINTS, CASE 1.0 


Location 

T(F)/(K) 

P(psia) 

M(Kg/S) 

E (MW) 

1 

220/378 


79.40 

2042.0 

2 

220/378 

- 

14.28 

0.93 

3 

2700/1756 

168.7 

458.0 

766.3 

4 

4800/2923 

153.4 

544.08 

2638.8 

5 

3670/2295 

17.60 

544.08 

1842.7 

6 

2900/1866 

13.94 

544.08 

1474.5 

7 

1833/1274 

13.82 

643.65 

874.5 

8 

762/679 

13.66 

964.66 

599.9 

9 

513/540 

13.56 

964.66 

449.2 

10 

513/540 

13.56 

233.65 

109.7 

11 

336/442 

13.43 

967.47* 

347.3 

12 

77/298 

- 

40 .'33 

838.5 

13 

1100/867 

20.0 

189.9 

116.2 

14 

688/638 

174.9 

458.0 

165.5 

15 

3367/2126 

17.97 

371166 

927.7 

16 

1100/867 

16 -.17 

321.03 

242.7 

17 

774/685 

16.12 

321'. 01 

174.1 

18 

728/660 

20.0 

189.9 

73.2 

19 

59/288 

13.43 

31.93 

0.0 

20 

221/378 

14.75 

999.4 

363.1 

21 

190/361 

157 

544.4 

_ 

22 

301/423 

400 

597.3 

— 

23 

427/493 

3900 

597.3 


24 

527/548 

3880 

597.3 

— 

25 

655/619 

3670 

597.3 

_ 

26 

715/653 

3610 

597.3 


27 

1000/811 

3500 

597.3 

— 

28 

604/591 

768 

586.9 


29 

1000/811 

691 

591.8 

_ 

30 

106/314 

2.3"Hg 

448.2 


31 

- 

— 


654.2 

32 

— 

— 

- 

644.3 


*Includes Coal Drying Moisture 
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ENERGY FLOW SUMllAilY 


Casf Number: 1.0 

Changes from Reference Case: Reference Case 


In (MW) 

Raw Coal to Air Heater Subsystem 838.5 

Raw Coal to Main Combustor 2033.8 

Total Power In 2872.3 


Power Out (MW) 
Electric Power 


MHD Generator 


654.2 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

824.7 
-166.3 
- 14,1 

644.3 

Plant Internal Power 

- 9.8 


02 Plant 

Electrical Auxiliaries 
Internal Power 

- 32.7 

- 66.5 

-109.0 

Electric Power Out 



Thermal Power 



Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


1093.0 

316.6 

48.1 

11.1 
84.5 

130.4 

Thermal Power Out 



Total Power Out 



Unaccounted For 




i 

1 

i 


1189.5 


1683.7 

2873.2 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


41.41% 

N/A 




B-6 


ENERGY FLOW SUMMARY 


Case Number: 1.1 

Changes from Reference Case: Illinois #6 Coal 


Power In (MW) 

Raw Coal to Air Heater Subsystem 793.6 

Raw Coal to Main Combustor 2036.3 

Total Power In 2829.9 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


691.6 


812.6 
-169.8 
- 13.8 

629.0 


- 10.4 

- 32.7 

- 63.4 

-106.5 

1214.1 


1077.0 

307.9 

13.0 

10.7 

81.7 
128.5 

■ISIS, 9 ■ 

2832.9 

-3.0 


Efficiency 

Excluding Seed Reprocessing 42.90% 

Including Seed Reprocessing N/A 
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ENERGY FLOW SUMMARY 


Case Number: 1.2 

Changes from Reference Case: Nq 0 ^ Enrichment 

Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


1007.7 

1875.8 


2863.5 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

O2 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in. Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out, 

Unaccounted For 


590.3 


858.7 
- 159.9 
- 15.0 

684.8 


- 8.9 
0 

- 63.0 

- 71.9 

1203.2 


1138.1 

300.0 

44.4 
10.3 

49.5 

130.9 

1673.2 

2876.4 

7.1 


Efficiency 


Excluding Seed 
Including Seed 


Reprccessing 

Reprocessing 


41 . 73 % 

N/A 
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ENERGY FLOW SUMMARY 


Case Number: 1-3 

Changes from Reference Case: 7 Tesla Magnet 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 



838.5 

2033.8 

2872.3 

Power Out (MW) 





Electric Power 





MHD Generator 


702.7 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

804.3 
-170.3 
- 13.6 

620.4 



Plant Internal Power 
O 2 Plant 

Electrical Auxiliaries 
Internal Power 

- 10.5 
~ 32.7 

- 67.6 

-110.8 

1212.3 


Electric Power Out 




Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Soljd Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


1066.0 

316.6 

48.1 

11.1 
85.2 

130.4 

1657.4 


Thermal Power Out 




Total Power Out 




2869.7 

Unaccounted For 




2.6 

Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 

42.21% 

N/A 
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ENERGY FLOW SUMMARY 


Case Number: l.A 

Changes from Reference Case; Single Stage Combustor with 85Z Slag Rejection 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


838.5 

2033.8 

2872.3 


Power Out (MW) 

Electric Power 

MID Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Poster Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


664.4 


820.4 
-161.8 
- 14.1 

644.5 


- 10.0 

- 37.7 

- 66.7 

109.4 

1199.5 


1087.3 

316.6 

48.1 

11.1 

84.8 

130.4 

1678.3 


2877.8 

-5.5 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


41.76% 

N/A 
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ENERGY FLOW SUMMARY 


Case Number : 1.4a 

Changes from Reference Case; Single Stage Combustor with 70Z Slag Rejection 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 



838.5 

2033.8 

2872.3 

Power Out (MW) 





Electric Power 





MHD Generator 


634.6 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

833.0 
-152.7 
- 14.6 

665.7 



Plant Internal Power 
O 2 Plant 

Electrical Auxiliaries 

- 9.5 

- 32.7 

- 66.1 

-108.3 



Internal Power 




Electric Power Out 



1192.0 


Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


1104.0 

316.5 

48.1 

10.2 
84.5 

130.4 

1693.7 


Thermal Power Out 




Total Power Out 




2885.7 

Unaccounted For 




-13.4 

Efficiency 





Excluding Seed Reprocessing 
Including Seed Reprocessing 

41.501 

N/A 
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I BASE CASE 2 


INDEX 


Case Overall System State Energy 

Number Efficiency Diagram Points Flow Summary 


2.0 / / 

2. OS / / 

2.0A / / 

2- OB / / 

2.1 / / 

2.2 / / 

2.2A / / 

2.4 / / 

2.4A / / 

2.5 / / 

2.6 / / 

2.7 / / 

2.10 / / 

2.11 / / 

2.11A / / 

2.12 / / 

2.16 / / 

2.16A / / 

2.16B / / 

2.17 / / 

2.18 / / 


/ 

/ 

/ 


/ 


/ 

/ 


/ 

/ 


/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

✓ 

/ 

/ 

/ 

/ 

/ 
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Overall Plant Efflciem*.y 
Base Case 2 


Efficiency, Z 


Case 

No. 

Parameter Variation 

Without Seed 
Reprocessing 

With Seed 
Reprocessing 

2.0 

Reference System 

43.66 

43.45 

2.0s 

70Z Slag Rejection 

43.12 

42.91 

2.0a 

S^PMB + Coal 
91Z Slag Rejection 

42.66 

42.53 

2.0b 

S^PMB + SPMB 

43.42 

43.22 

2.1 

Illinois #6 Coal 
70Z Slag Rejection 

44.48 

43.80 

2.2 

2-Stage Cyclone MHD Combustor 
Hot Bottom HTAH 

44.13 

43.89 

2.2a 

2-Stage Cyclone MHD Combustor 

43.23 

43.02 

2.4 

2-Stage Cyclone MHD Combustor 
NASA Generator 
20 m Channel 

43.47 

43.26 

2-^^a. 

2-Stage Cyclone MHD Combustor 
Ey ■ 4 kV/m Generator 
20 m Channel 

43.45 

43.23 

2.5 

Cs Seed 

44.72 

44.57 

2.6 

Supersonic Generator 

43.01 

42.81 

2.7 

8-7T Magnetic Field 

44.91 

44.69 

2.10 

1500 MWt MHD Combustor Input 

41.98 

41.78 

2.11 

2000 MWt MHD Combustor Input 

42.91 

42.70 

2.11a 

2000 MNt MHD Combustor Input 
70Z Slag Rejection 

42.34 

42.13 

2.12 

1 atm. HTAH Reheat 

Single Stage Preheat Combustor 

43.00 

42.79 

2.16 

Hot Bottom HTAH 

Ey * 4 kV/m Generator 

45.49 

45.25 

2.16a 

Hot Bottom HTAH 

44.56 

44.33 

2.16b 

Ey ■ 4 kV/m Channel 

44.56 

44.34 

2.17 

CAPFB Preheat Combustor 

42.53 

42.33 

2.18 

1200 F Air and 1300 F Recirc. Gas 

to Preheat Combustor 

Single Stage Preheat Combustor 

44.26 

44.03 

Best 

Illinois #6 Coal 

47.0 

46.3 


85Z Slag Rejection 

E = 4 kVm Generator 

Hot Bottom HTAH 

Single Stage Preheat Combustor 

(EST) 

(EST) 
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State Points, Case 2.0 


Location 

T (F)/(K) 

P (Psia) 

m (Kg/s) 

E (MW) 

1 

220/378 


70.36 

1809.2 

2 

220/378 

- 

12.7 

0.8 

3 

3000/1922 

136.5 

529.4 

995.6 

4 

4677/2854 

127.0 

605.7 

2668.4 

5 

3582/2246 

17.6 

605.7 

1881.3 

6 

2900/1867 

14.55 

605.7 

1533.7 

7 

1867/1293 

14.44 

693.9 

875.9 

8 

952/784 

14.27 

693.9 

439.1 

9 

611/595 

14.17 

693.9 

288.4 

10 

611/595 

14.17 

250.1 

104.7 

11 

260/400 

14.75 

678.0* 

137.1 

12 

220/378 

- 

42.19 

1084.8 

13 

648/616 

148.5 

359.7 

121.4 

14 

623/602 

141.9 

529.4 

170.7 

15 

3300/2089 

136.5 

487.8 

U67.7 

16 

985/803 

131.1 

398.1 

269.9 

17 

877/743 

130.7 

397.4 

241.6 

18 

373/463 

15.15 

397.4 

117.7 

19 

59/288 

15.15 

13.1 

0.0 

20 

162/346 

14.75 

410.5 

101.7 

21 

190/361 

157 

564.7 

- 

22 

301/423 

400 

672.8 

- 

23 

510/534 

4230 

672.8 

- 

24 

608/593 

4200 

672.8 

- 

25 

694/641 

3950 

672.6 

- 

26 

720/656 

3850 

672.8 

- 

27 

1000/811 

3500 

672.8 

- 

28 

603/591 

768 

662.2 

- 

29 

1000/811 

691 

662.2 

- 

30 

106/314 

2.3" Hg 

462.7 

- 

31 

- 

- 


658.3 

32 

- 

- 


661.7 


*Excludes coal drying moisture 
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State Points, Case 2.0a 


Location T (F)/(K) 


p (psia) 


m (kg/s) 


1 

220/378 

- 

68.88 

2 

704/647 

101.5 

84.7 

3 

3340/2111 

101.5 

150.64 

4 

3000/1922 

101.5 

424.7 

5 

220/378 

- 

42.58 

6 

220/378 

- 

13.0 

7 

4544/2780 

98.0 

627.1 

8 


17.6 

627.1 

9 

2900/1867 

14.55 

627.1 

10 

610/594 

14.17 

731.5 

11 

610/594 

14.17 

130.4 

12 

289/416 

14.75 

717.3* 

13 

548/560 

115.0 

173.3 

14 

1300/978 

109.1 

173.3 

15 

538/554 

105.5 

233.7 

16 

1100/867 

101.5 

233.7 

17 

527/548 

105.7 

424.7 

18 

3300/2089 

99.5 

370.7 

19 

850/728 

95.5 

318.4 

20 

455/508 

15.15 

318.4 

21 

59/288 

15.15 

10.2 

22 

180/356 

14.75 

328.6* 

23 

190/361 

157 

516.4 

24 

301/423 

400 

615.3 

25 

510/539 

4230 

615.3 

26 

720/b56 

3850 

615.3 

27 

100/8] 1 

3500 

615.3 

28 

603/591 

768 

605.6 

29 

1000/811 

691 

605.6 

30 

106/314 

2.3” Hg 

423.2 

31 

- 

- 

- 

32 

— 

— 



*Excludes Coal Drying Moisture 


B-24 




E (MW) 


1649.1 

871.2 

831.6 

794.3 
1094.9 

0.9 

2641.6 

1919.7 

273.8 

49.1 

132.1 

46.7 

126.1 
61.5 

140.6 

109.1 

1015.8 

273.8 

187.2 

0.0 

157.0 


607.2 

597.9 


State Points, Case 2.0b 


ication 

T(F)/(K) 

1 

220/378 

2 

220/378 

3 

220/378 

4 

3340/2111 

5 

2535/1644 

6 

2775/1798 

7 

3000/1922 

8 

220/378 

9 

4468/2738 

10 

- 

11 

2900/1867 

12 

610/594 

13 

610/594 

14 

285/414 

15 

704/647 

16 

555/564 

17 

1300/978 

18 

533/552 

19 

1100/867 

20 

527/548 

21 

3300/2089 

22 

850/728 

23 

452/507 

24 

59/288 

25 

180/356 

26 

190/361 

27 

301/423 

28 

510/539 

29 

720/656 

30 

1000/811 

31 

630/591 

32 

1000/811 

33 

106/314 

34 


35 



p (Psla) m (kg/s ) 


- 

111.64 

- 

61.11 

- 

50.53 

101.5 

110.5 

101.5 

208.2 

101.5 

318.7 

101.5 

312.1 

- 

13.7 

98.0 

644,5 

17.6 

644.5 

14.55 

644.5 

14.17 

739.2 

14.17 

123.9 

14.75 

724.9* 

101.5 

62.2 

115.6 

280.3 

109.1 

280.3 

106.0 

171.6 

103.5 

171.6 

105.7 

312.1 

101.5 

272.1 

97.4 

233.7 

15.15 

233.7 

15.15 

7.5 

14,75 

241.2* 

157 

513.3 

400 

611.6 

4230 

611.6 

3850 

611.6 

3500 

611.6 

768 

601.9 

691 

601.9 

2.3" Hg 

420.6 


*Excludes Coal Drying Moisture 


E (MW) 

2673.0 

1463.2 
1209.8 

610.1 

1511.1 

2121.2 

585.1 
0.9 

2635.5 

1926.1 

277.9 

46.9 

133.9 
639.3 

76.4 

204.0 
44.8 

103.2 

80.2 

745.6 

201.0 

137.0 

0.0 

114.6 


603.6 

593.6 


B-25 


State Points, Case 2.1 


Location 

T (F)/(K) 

p (Psia) 

m (kg/s) 

E (MW) 

1 

220/378 


63.98 

1810.9 

2 

220/378 

- 

10.7 

0.7 

3 

3000/1922 

136.7 

528.4 

993.7 

4 

4732/2884 

127.2 

597.5 

2667.0 

5 

3621/2267 

17,7 

597.5 

1875.0 

6 

2900/1867 

14.65 

597.5 

1513.0 

7 

1918/1321 

14.54 

685.6 

866.5 

8 

957/787 

14.37 

685.6 

413.3 

9 

611/595 

14.27 

685.6 

262.5 

10 

611/592 

14.27 

115.4 

44.5 

11 

282/412 

14.75 

669.7* 

122.5 

12 

220/378 

- 

37.42 

1059.2 

13 

649/616 

148.7 

350.3 

118.4 

14 

623/602 

142.1 

528.4 

170.5 

15 

3297/2087 

136.7 

482.8 

1147.0 

16 

955/786 

131.3 

3 83.8 

248.2 

17 

894/752 

130.9 

383.1 

232.7 

18 

382/468 

15.15 

383.1 

111.9 

19 

59/288 

14.75 

13.1 

0 

20 

230/383 

14.75 

396.2* 

111.9 

21 

190/361 

157 

575.5 

— 

22 

301/423 

400 

674.8 

- 

23 

510/539 

4230 

674.8 

- 

24 

601/589 

4200 

674.8 

- 

2S 

689/638 

3950 

674.8 

- 

26 

720/656 

3850 

674.8 

- 

27 

1000/811 

3500 

674.8 

- 

28 

603/591 

768 

664.4 

- 

29 

1000/811 

691 

664.4 

- 

30 

106/314 

2.3" Hg 

472.6 

- 

31 

- 

- 

- 

663.7 

32 




668.8 

*Excludes 

Coal Drying Moisture 





B-26 


1 


State Points, Case 2.7 


Location 


p (Psia) 

m (kg/s) 

E (MW) 

1 

220/378 

— 

70.36 

1809.2 

2 

220/378 

- 

12.7 

0.8 

3 

3000/1922 

137.4 

529.4 

995.6 

4 

4678/2854 

127.9 

605.7 

2669.0 

5 

3472/2184 

17.6 

605.7 

1816.4 

6 

2900/1867 

14.55 

605.7 

1533.7 

7 

1804/1258 

14.44 

693.9 

844.9 

8 

952/784 

14.27 

693.9 

439.1 

9 

611/595 

14.17 

696.9 

288.4 

10 

611/595 

14.17 

250.2 

104.7 

11 

261/401 

14.75 

678.0* 

137.4 

12 

220/378 

- 

42.19 

1084.8 

13 

650/617 

.149.4 

359.7 

121.9 

14 

625/603 

142.8 

529.4 

171.4 

15 

3302/2090 

137.4 

488.0 

1168.2 

16 

988/804 

132.0 

398,1 

270.8 

17 

879/743 

131.6 

397.4 

242.0 

18 

373/463 

15.15 

397.4 

117.6 

19 

59/288 

15.15 

13.1 

0.0 

20 

162/346 

14.75 

410.5* 

101.7 

21 

190/361 

157 

546.9 

- 

22 

301/423 

400 

648.3 

- 

23 

510/539 

4230 

648.3 

- 

24 

612/596 

4200 

648.3 

- 

25 

699/644 

3950 

648.3 

- 

26 

720/656 

3850 

648.3 

- 

27 

1000/811 

3500 

648.3 

- 

28 

603/591 

768 

637.7 

- 

29 

1000/811 

691 

637.7 

- 

30 

106/314 

2.3" Hg 

448.4 

- 

31 

- 

- 

- 

723.8 

32 

*Excludes 

Coal Drying Moisture 

B-27 


633.2 


i 

i 



Scate Points, Casa 2.12 




1 

220/378 

- 

70.36 

1809.2 

2 

220/378 

- 

12.7 

0.8 

3 

3000/1922 

136.5 

529.4 

995.6 

4 

4677/2854 

127.0 

605.7 

2668.4 

5 

3582/2246 

17.6 

605.7 

1881.3 

6 

2900/1867 

14.55 

605.7 

1533.7 

7 

1940/1333 

14.44 

693.9 

912.7 

8 

952/784 

14.27 

693.9 

439.1 

9 

611/595 

14.17 

693.9 

288.4 

10 

611/595 

14.17 

96.6 

40.4 

11 

290/417 

14.75 

678.0* 

149.2 

12 

220/378 

- 

40.65 

1045.2 

13 

115/319 

19.6 

346.6 

11.2 

14 

601/19.4 

19.4 

346.6 

107.3 

15 

1100/867 

17.4 

346.6 

211.8 

16 

3301/2089 

17.05 

474.1 

1152.1 

17 

956/787 

15.35 

383.4 

253.0 

18 

559/566 

15.15 

383.4 

156.5 

19 

59/288 

15.15 

12.6 

0.0 

20 

309/427 

14.75 

396.0* 

98.7 

21 

190/361 

157 

557.1 

- 

22 

301/423 

400 

646.1 

- 

23 

510/539 

4180 

646.1 

- 

24 

597/587 

4160 

646. 1 

- 

25 

672/629 

3950 

646.1 

- 

26 

720/656 

3850 

646.1 

- 

27 

1000/811 

3500 

646.1 

- 

28 

603/591 

768 

635.5 

- 

29 

1000/811 

691 

635.5 

- 

30 

106/314 

2.3" Hg 

458.6 

- 

31 

- 

- 

- 

658.3 

32 

- 

- 

- 

639.6 


^Excludes Coal Drying Moisture 


B-28 


State Points, Case 2.16 


cation 


p (Psia) 

P (kg/s) 

E_QW1 

1 

220/378 


70.36 

1809.2 

2 

220/378 

- 

12.7 

0.8 

3 

3000/1922 

- 

529.4 

995.6 

4 

4709/2872 

148.9 

605.7 

2682.3 

5 

3553/2229 

17.6 

605.7 

1863.9 

6 

2900/1867 

14.55 

605.7 

1533.7 

7 

2038/1388 

14.44 

693.9 

962.1 

8 

953/785 

14.27 

693.9 

439.7 

9 

612/596 

14.17 

693.9 

289.0 

10 

612/596 

14.17 

223.0 

93.4 

11 

265/403 

14.75 

678.0* 

139.1 

12 

220/378 

- 

32.99 

848.2 

13 

705/647 

172.7 

281.3 

104.4 

14 

110/867 

170.4 

281.3 

171.9 

15 

692/640 

171.8 

529.4 

192.5 

16 

860/733 

169.4 

529.4 

24.60 

17 

1300/978 

162.9 

529.4 

390.7 

18 

3302/2090 

158.4 

453.6 

1085.1 

19 

1503/1091 

153.9 

311.4 

321.2 

20 

928/771 

153.5 

310.9 

199.3 

21 

378/466 

15.15 

310.9 

92.8 

22 

59/288 

15.15 

9.9 

0.0 

23 

159/344 

14.75 

320.8* 

77.9 

24 

190/361 

157 

504.4 

- 

25 

301/423 

400 

598.0 

- 

26 

510/539 

4220 

598.0 

- 

27 

604/591 

4200 

598.0 

- 

28 

697/643 

3950 

598.0 

- 

29 

720/656 

3850 

598.0 

- 

30 

1000/811 

3500 

598.0 

- 

31 

630/591 

768 

587.4 

- 

32 

1000/811 

691 

587.4 

- 

33 

106/314 

2.3" Hg 

413.7 

- 

34 

- 

- 


715.0 

35 

- 

- 

- 

549.3 


*Excludes Coal Drying Moisture 


B-29 



> 


State Points 



1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 


220/378 

- 

220/378 

- 

3000/1922 

136.5 

4677/2854 

127.0 

3582/2246 

17.6 

2900/1867 

14.55 

1867/1293 

14.44 

952/784 

14.27 

611/595 

14.17 

611/595 

14.17 

285/414 

14.75 

220/378 

- 

1650/1172 

138.0 

1600/1144 

138.0 

780/689 

149.0 

404/480 

149.0 

623/602 

141.9 

818/710 

138.0 

3300/2089 

136.5 

950/783 

131.1 

370/461 

14.75 

250/394 

14.75 

623/602 

141.9 

190/361 

157 

301/423 

400 

510/539 

4230 

720/656 

3850 

1000/811 

3500 

603/591 

768 

1000/811 

691 

106/314 

2.3" Hg 


*Excludes Coal Drying Moisture 


B-30 


2.17 


m (kg/s) 

E (MW) 

70.36 

1809.2 

12.7 

0.8 

529.4 

995.6 

605.7 

2668.4 

605.7 

1881.3 

605.7 

1533.7 

693.9 

875.9 

693.9 

439.1 

693.9 

288.4 

141.4 

59.3 

678.0* 

146.3 

51.02 

1221.2 

200.6 

1094.8 

61.2 

57.3 

81.6 

33.1 

134.0 

25.0 

270.5 

84.4 

270.5 

116.9 

477.0 

1167.3 

447.0 

309.5 

447.0 

154.8 

447.0* 

120.5 

529.4 

165.2 

589.4 

- 

683.6 

- 

683.6 

- 

683.6 

- 

683.6 

- 

672.3 

- 

672.3 

- 

485.2 

- 

- 

658.3 

- 

686.6 


J 

i 


I 


I 


Stats Points, Casa 2.18 


K:atlon 

IjPULK). 

P (Pala) 

a (kg/s) 

sjm 


220/378 


70.36 

1809.2 


220/378 

- 

12.7 

0.8 

3 

3000/1922 

136.5 

529.4 

995.6 

4 

4677/2854 

127.0 

605.7 

2668.4 

5 

3582/2246 

17.6 

605.7 

1881.3 

6 

2900/1865 

14.55 

605.7 

1533.7 

7 

200/367 

14.47 

88.2 

7.1 

8 

611/595 

14.17 

693.9 

288.4 

9 

611/595 

14.17 

217.2 

90.9 

10 

267/ 

14.75 

678.0* 

139.4 

11 

220/378 

- 

33.89 

871.4 

12 

661/623 

154.0 

289.0 

101.8 

13 

678/632 

153.0 

289.0 

107.0 

14 

1202/923 

151.7 

289.0 

192.9 

15 

1300/978 

138.5 

289.0 

210.3 

16 

1300/978 

138.5 

162.3 

144.7 

17 

623/602 

141.9 

529.4 

170.7 

18 

950/783 

131.1 

318.9 

208.9 

19 

926/770 

130.8 

318.5 

203.7 

20 

403/479 

15.15 

318.5 

99.0 

21 

59/288 

15.15 

10.2 

0.0 

22 

180/356 

14.75 

328.7* 

81.6 

23 

3300/2089 

136.5 

481.2 

1152.3 

24 

190/361 

157 

496.4 

- 

25 

301/423 

400 

610.9 

— 

26 

510/539 

4230 

610.9 

- 

27 

720/656 

3850 

610.9 

- 

28 

1000/811 

3500 

610.9 

- 

29 

603/811 

768 

601.3 

- 

30 

1000/811 

691 

601.3 

- 

31 

106/314 

2.3" Hg 

420.1 

- 

32 

- 

- 

- 

658.3 

33 

- 

- 

- 

585.0 


*Excludes Coal Drying Moisture 


B-31 


ITNERGY FLOW SUMMARY 


Case Number: 2.0 

Changes from Reference Case: Reference Case 


Power In (MW) 

Raw Coal Co Air HeaCer Subsystem 
Raw Coal co Main Combustor 

Total Power In 


1079.5 

1800.2 

2879.7 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 


02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying . 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


658.3 


843,0 
-171.6 
- 9.7 

661.7 


9.9 

0.0 

52.7 

—62 . 6 

1257.4 


1136.7 

238.8 

68.4 
14.9 

48.5 
105.2 

1612.5 


2869.9 

9.8 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


43.66% 

43.45% 


B -32 


ENERGY FLOW SUMMARY 


Case Number: 2. OS 

Changes from Reference Case; 70% Slag Rejection 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
law Coal to Main Combustor 

Total Power In 


1094.2 

1800.2 

2894.4 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

O2 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


623.0 


858.0 
-160.3 
- 10.2 

687.5 


9.3 

0.0 

53.0 

-62.3 

1248.2 


1156.9 

240.2 

68.7 
15.1 

48.8 

106.0 

^ 635.7 

2883.9 

10.5 


Efficiency 

Excluding Seed Reprocessing 43.12% 

Including Seed Reprocessing 42.91% 


B-33 


ENERGY FLOW SUMMARY 


Case Number; 2.0a 

3 

Changes from Reference Case: S PMB Gasifier + Coal to MHD Combustor 


Power In (MW) 

Raw Coal Co S^PMB 

Raw Coal Co Main Combustor 

Total Power In 


1641.4 

1090.1 

2731.5 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
Invert ere 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Poner Out 

Total Power Out 

Unaccounted For 


607.2 


769.4 
-162.6 
- 8.9 

597.9 


9.1 

0.0 

30.6 

-39.7 

1165.4 


1049.5 

290.3 

51.6 

17.5 

44.3 

110.2 

1563.4 


2728.8 

2.7 


Ef f iclencv 


Excluding Seed Reprocessing 
Includiug Seed Reprocessing 


42.66X 

42.53% 


ENERGY FLOW SUMMARY 


Case Number; 2.0b 

Changes from Reference Case: S^PMB + SPMB Gasifiers for 1st Stage of MHD & Preheat 

Combustors 


Power In (MW) 

Raw Coal to S^PMB 
Raw Coal to SPMB 

Total Power In 


1202.1 

1453.8 

2655.9 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


603.6 


765.8 
-163.4 
- 8.8 

593.6 


9.1 

0.0 

-44.4 

1152.8 


1040.2 

248.4 

42.1 

18.5 

45.4 

101.9 

1496.5 


2649.3 

6.6 


Ef f iciencv 


Excluding Seed Reprocessing 43.42% 

Including Seed Reprocessing 43.22% 


B-35 


ENERGY FLOW SUMMARY 


Case Number: 2.1 

Changes from Reference Case: Illinois #6 Coal, 70% Slag Rejection in Main Combustor 


Power In (MW) 

Raw Coal to Air Heater Subsystem 1055.4 

Raw Coal to Main Combustor 1804 . 6 

2860.0 

Total Power In 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
Xnvct^ 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


663.7 


850.1 
-171.4 
- 9.9 

668.8 


10.0 

0.0 

50.5 

-60.5 

1272.0 


1158.2 

234.4 
19.9 
15.1 

47.7 

106.4 

1581.7 

2853.7 

6.3 


Efficiency 


Excluding Seed Reprocessing 
Including Seed Reprocessing 


44.48% 

43.80% 


B-36 


V 


ENERGY FLOW SUMMARY 


Case Number: 2.2 

Changes from Reference Case: 2 Stage Cyclone Main Combustor, Hot Bottom HTAH 

(1300 F Air In) 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


844.1 

1800.2 

2644.3 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid V7aste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


636.7 


776.9 

-176.3 

8.8 

591.6 


9.6 

0.0 

51.8 

-61.4 

1166.9 


1048.2 

217.1 

61.3 

17.8 

47.0 

95.1 

2653.4 

-9.1 


Efficiency 


Excluding Seed 
Including Seed 


Reprocessing 

Reprocessing 


44.13% 

43.89% 


B-37 


ENERGY FLOW SUMMARY 


Case Number: 2.2A 

Changes from Reference Case: Two Stage Cyclone Main Combustor 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


1083.4 

1800.2 


2883.6 


Power Out (MW) 
Electric Power 


MHD Generator 


636.7 


Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 


851.5 
-169.3 
- 10.0 

672.2 


9.6 

0.0 

52.7 

-62.3 

1246.6 


Thermal Power 


Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


Efficien y 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


1149.1 

239.2 

68.5 

14.9 

48.2 

104.8 

1624.7 


2871.3 

12.3 


43.23% 

43.02% 


Nv 


B-38 


1 


ENERGY FLOW SUMMARY 


Case Number: 2,4 

Changes from Reference Case: NASA Generator , L»20m, Optimized. 

«2_Stage_C^clone Jiro jC^m^u^t(yr^ 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


Power Out (MW) 
Electric Power 

MHD Generator 


Steam Turbines 

Shaft Power 848.9 

Main Compressor -188.9 

Generator Loss ^ 9 

Net Steam Power 

Plant Internal Power 

*^nvcrtcrc 9.6 

02 Plant 0-0 


Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


1057.3 

1800.2 

2857.5 


643.0 


650.4 I 

! 

i 


-51.1 

1242.3 


1144 . 7 

225.7 
67.9 
14.8 
48.0 

104.7 

1605.8 


2848.1 


9.4 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


43.47% 

43.26% 
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ENERGY FLOW SUMMARY 


Case Number: 2.4a 

Changes from Reference Case: GE Generator, l^2Cm Ey*4 kV/n 

Con^u5t^r_ ________ 

Power In (MW) 

Raw Coal to Air Heater Subsystem 1090.0 

Raw Coal to Main Combustor 1800 . 2 

Total Powci In 2890.2 


Power Out (MW) 
Electric Power 


MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 


02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


641.7 


850.3 

-163.5 

r-l(LQ- 

676.8 


9.6 

0.0 

53.2 

-62.8 1255.7 


1146.6 

239.8 

68.6 

15.0 

48.7 

106.2 

1624.9 

2880.6 

9.6 


Efficiency 

Excluding Seed Reprocessing 43.45Z 

Including Seed Reprocessing 43.23Z 


B-40 


1 


ENERGY FLOW SUMMARY 

Case Number; 

Changes from Reference Case: Cesium Seed 


Power In 

Raw Coal to Air Heater Subsystem 1063.8 

Raw Coal to Main Combustor 1800.2 

Total Power In 2864.0 


Power Out (MW) 


Electric Power 


MHD Generator 


720.6 


Steam Turbines 
Shaft Power 
Main Corapressor 
Generator Loss 
Net Steam Power 

816.2 
-184.0 
- 9.5 

622.7 


Plant Internal Power 
T n*’^'r t 

10.8 



02 Plant 

Electrical Auxiliaries 
Internal Power 

0.0 

51.7 

-62.5 


Electric Power Out 



1280.8 

Thermal Power 




Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Pov^er Not Regen 
Other Losses to Ambient 


1100.6 

237.3 

68.0 

14.8 

48.4 

103.7 


Thermal Power Out 



1572.8 


Total Power Out 2853.6 

Unaccounted For 10.4 


Ef f iciencv 


Excluding Seed Reprocessing 44.72% 

Including Seed Reprocessing 44.57% 




y 


% ^ 
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ENERGY FLOW 


Case Number: 2.6 

Changes from Reference Case: Supersonic Channel 


Power In (MW) 

Raw Coal to Air Heater Subsystem 1118.8 

Raw Coal to Main Combustor 1800.2 

Total Power In 2919.0 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
ZnvdT 
©2 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


605.1 


866.7 
-142.2 
- 10.6 

713.9 


9.1 

0.0 

54.3 

-63.4 

1255.6 


1168.6 

242.5 

69.3 
15.1 

49.3 

108.6 

1653.4 


2909.0 

10.0 


Efficiency 


Excluding Seed Reprocessing 
Including Seed Reprocessing 


43.01% 

42.81% 


B-42 




ENERGY FLOW SUMMARY 


Case Number: 2.7 

Changes from Reference Case: 8T Tapered to 7T Magnetic Field 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 



1079.5 

dm.z 

2879.7 

Power Out (MW) 




» 

Electric Power 





MHD Generator 


723.8 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

814.9 
-172.3 
- «.4 

633.2 



Plant Internal Power 
02 Plant 

Electrical Auxiliaries 
Internal Power 

10.9 
0.0 

52.9 

-63.8 

1293.2 


Electric Power Out 




Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 
Thermal Power Out 


1099.6 

239.0 

68.4 
14.9 

48.4 
105.2 

1575.5 


Total Power Out 




2868.7 

Unaccounted For 




11.0 

Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 

44.91% 

44.69% 





$ 
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ENERGY FLOW SUMMARY 


Case Number: 2.10 

Changes from Reference Case: 1500 MWt MHD Combustor Input 


Power In (MW) 





Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 



594.5 

964.4 


Total Power In 




1558.9 

Power Out (MW) 





Electric Power 


298.6 



MHD Generator 





Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

474.9 
-79.7 
- 5.8 

389.4 



Plant Internal Power 
^ ^ ^ ^ ^ 

4.5 




O 2 Plant 

Electrical Auxiliaries _ 

0.0 

29.0 




Internal Power 


-33^ . 



Electric Power Out 



654.5 


Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


640.5 

129.5 

37.0 
8.1 

25.9 

58.1 



Thermal Power Out 



899.1 


Total Power Out 




1553.6 

Unaccounted For 




5.3 


Efficiency 


Excluding Seed 
Including Seed 


Reprocessing 

Reprocessing 


41.98Z 

41.78Z 
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ENERGY FLOW SUMMARY 


Case Number: 2.11 

Changes from Reference Case: 2000 MWt MHD Combustor Input 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


781.6 

1285.9 


2067.5 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
Inv C^T w ^ 

O2 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


437.4 


616.4 
-114.4 
- 7.3 

494.7 


6.6 

0.0 

38.3 

-44.9 

887.2 


831.1 

171.6 

49.1 
10 7 
34.8 

76.2 

1173.5 


2060.7 

6.8 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 


42.91% 

42.70% 
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ENERGY FLOW SUMMARY 


Case Number: 2.11a 

Changes from Reference Case: 2000 MWt MHD Combustor Input 

70Z Slag Rejection 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


794.3 

1285.9 

2080.2 


Power Out (MW) 


Electric Power 


MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
XnvsT tcrs 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 


628.1 
-105.1 
- 7.6 


6.2 

0.0 

12x11 


Condensate Heat Rejection 
Stack I.OSS 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 
Thermal Power Out 


410.5 


515.4 


-45.2 


846.9 

172.8 

49.4 
10.8 
35.1 

77.5 


880.7 


1192.5 


Total Power Out 2073.2 

Unaccounted For 7.0 


Efficiency 

Excluding Seed F.eprocessing 
Including Seed Reprocessing 


42.34Z 

42.13% 
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ENERGY FLOW SUMMARY 




Case Number: 2.12 

Changes from Reference Case: Atmospheric, Regeneratlvely Air-Cooled, Preheat Combustor 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


Power Out (MW) 


Electric Power 


MHD Generator 


658.3 

Steam Turbines 

Shaft Power 

818.6 


Main Compressor 

-169.5 


Generator Loss 



Net Steam Power 


639.6 

Plant Internal Power 

Inverters 

9.9 


02 Plant 

0.0 


Electrical Auxiliaries 

66.6 


Internal Power 
Electric Power Out 


-76.5 

Thermal Power 

Condensate Heat Rejection 


1119.8 

Stack Loss 


247.9 

Coal Drying 


69.2 

Rejected in Solid Waste 


13.8 

Internal Electric Power Not Regen. 


46.4 

Other Losses to Ambient 
Thermal Power Out 


115.2 


1040.1 

1800.2 

2840.3 


1221.4 


1612.3 


Total Power Out 2833.7 

Unaccounted For ^ ^ 


Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprodessing 


43.00% 

42.79% 


I 
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ENERGY FLOW SUMMARY 


Case Number: 2.16 

Changes from Reference Case: Hot Bottom HTAH (1300 F Air In) 

Ey» 4 kV/m Channel 


Power In (>W) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 2644.3 


844.1 

1800.2 


Power Out (MW) 
Electric Power 


MHD Generator 


715.0 


Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 


750.8 
-193.4 
- 8.1 

549.3 


Plant Internal Power 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 


10.7 

0.0 

50.7 

-61.4 


Thermal Power 


Condensate Heat Rejection 

1013.3 

Stack Loss 

217.1 

Coal Drying 

61.3 

Rejected in Solid Waste 

17 . 8 

Internal Electric Power Not Regen. 

47.0 

Other Losses to Ambient 
Thermal Power Out 

93.2 


Total Power Out 
Unaccounted For 


1202.9 


1449.7 

2652.6 


-8.3 


Efficiency 


Excluding Seed Reprocessing 
Including Seed Reprocessing 


45.497. 

45.25% 


ENERGY FLOW SUMMARY 


Case Number: 2.16a 

Changes from Reference Case; Hot Bottom HTAH (1300 F Air In) 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


844.1 

1800,2 


2644.3 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
t O 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted Foi 


658.3 


768.0 

-178.1 

581.5 


9.9 

0.0 

51.5 

-61.4 

1178.4 


1036.3 

217.1 

61.3 

17.8 

47.0 

93.6 

1473.1 


2651.5 

-7.2 


Ef f ic iencv 


Excluding Seed Reprocessing 
Including Seed Reprocessing 


44.562 

44.332 
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ENERGY FLOW SUMMARY 


Case Number: 2.1bb 

Changes from Reference Case: Ey « 4 kV/m Channel 


Power In (MW) 

Raw Coal to Air Heater Subsystem 1057.3 

Raw Coal to Main Combustor 1800.2 

Total Power In 2857.5 


Power Out (MW) 

Electric Power 

MHD Generator 

Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 

TmrOT*t;OT*Q 

02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 

Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen 
Other Losses to Ambient 
Thermal Power Out 

Total Power Out 

Unaccounted For 


715.0 


818.4 
-188 . 7 

-■ ?.t2 

620.5 


10.7 

0.0 

51.4 

-62.1 

1273.4 


1103.5 

236.7 

67.9 

14.8 

48.0 

103.1 

1574.0 


2847.4 

10.1 


Efficiency 


Excluding Seed 
Including Seed 


Reprocessing 

Reprocessing 


44.56% 

44.34% 
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ENERGY FLOW SUMMARY 


Case Number: 2.17 

Changes from Reference Case; cAPFB for 1st Stage of Preheat Combustor 


Power In (MW) 





Raw Coal to Air Heater Subsystem 



1213.7 


Raw Coal to Main Combustor 



08QQ.2. 


Total Power In 




3013.9 

Power Out (MW) 





Electric Power 





MHD Generator 


658.3 



Steam Turbines 





Shaft Power 

868.4 




Main Compressor 

-171.6 




Generator Loss 

- LQ.2 




Net Steam Power 


686.6 



Plant Internal Power 





Inverters 

9.9 




O 2 Plant 

0.0 




Electrical Auxiliaries 

53.2 




Internal Power 


-63.1 



Electric Power Out 



1281.8 


Thermal Power 





Condensate Heat Rejection 


1183.5 



Stack Loss 


266.8 



Coal Drying 


57.7 



Rejected In Solid Waste 


21.3 



Internal Electric Power Not Regen. 


48.7 



Other Losses to Ambient 


144.4 



Thermal Power Out 



1722.4 


Total Power Out 




3004.2 

Unaccounted For 




9.7 


Efficiency 

Excluding Seed Reprocessing 42.53% 

Including Seed Reprocessing 42.33% 
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ENERGY FLOW SUMMARY 


Case Number: 2.18 

Changes from Reference Case: Regeneratlvely, Air-Cooled, Preheat Combustor; 1300 F 

Air & Flue Gas Into Preheat Combustor 


Power In (MW) 





Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 



867.1 

1800.2 


Total Power In 




2667,3 

Power Out (MW) 





Electric Power 





MHD Generator 


658.3 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

765.3 
-171.6 
- 8.7 

585.0 



Plant Internal Power 
Inverters 
O 2 Plant 

Electrical Auxiliaries 
Internal Power 

9.9 

0.0 

52.8 

-62.7 



Electric Power Out 



1180.6 


Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


1031.8 

218.7 

63.3 

14.1 

44.6 

101.9 



Thermal Power Out 



1474.4 


Total Power Out 




2655.0 

Unaccounted For 




12.3 

Efficiency 





Excluding Seed Reprocessing 
Including Seed Reprocessing 

44.26Z 

44.03Z 





1 
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Overall Plant Efficiency 
Base Case 3 


Efficiency, Z 


Case 

No. 

Parameter Variation 

Without Seed 
Reprocessing 

With Seed 
Reprocessing 

3.0 

Reference System 
1-Stage Cyclone; 

70% 

Slag Removal 

43.25 

42.91 

3.1 

Illinois #6 
1-Stage Cyclone, 

70% 

Slag Removal 

43.72 

42.66 

3.2 

2-Stage Cyclone 
85% Slag Removal 



43.23 

42.89 

3.4 

1100 F Preheat 



42.90 

42.55 

3.5 

8 Tesla Channel 



44.42 

44.07 
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C4S£ 



B-55 


II I c r i I c 





STATE POINTS, CASE 3.0 


LOCATION 

T (K)/(F) 

PSIA 

M (K*/SEC) 

E (MW) 

1 

220/373 




2 

220/373 


_ 


3 

97C/1300 

137.2 

378.1 

279,0 

4 

2S16/4790 

136.7 

486.4 

2608.0 

5 

2351/3737 

17.7 

486.4 

1894.0 

6 

1.366/2399 

14.65 

486.4 

1488.6 

7 

1330/1935 

14.54 

609.7 

897.1 

8 

692/735 

14.36 

609.7 

400.8 

9 

521/47C 

14.22 

609.7 

282. 

10 

523/491 

14.22 

285.7 

134.5 

11 

3C4/231 

14.75 

590.7* 

191.2 

14 

603/634 

150.4 

378.1 

124.4 

21 

361/190 

157. 

538.4 


12 

401/261 

137. 

538.4 

- 

22 

423/301 

400. 

562.7 

- 

23 

492/427 

3860. 

562.7 

- 

25 

606/631 

3670. 

562.7 

- 

26 

553/715 

3610 

562.7 

- 

27 

311.1/1000 

3500. 

562.7 

- 

28 

591/604 

768. 

552.5 

- 

29 

Cll/1000 

691. 

557.3 

- 

30 

314/106 

2.3 "Hg 

421.6 

- 

31 

— 

- 

- 

560.1 

32 

— 

- 

- 

634.6 


*Excludes Coal Drying Moisture 
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E!;EK0\- flow summary 


Case Number: 

Changes from Reference Case: Reference Case 

Power In (MW ) 

Raw Coal to Air Heater Subsystem 0.0 

Raw Coal to Main Combustor 2518.4 

Total Power In 2518.4 


Power Out (MW) 


Electric Power 


MHD Generator 


560.1 


Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 


791.2 

-125.1 

11.5 

654.6 


Plant Internal Power 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 


-8.4 

-84.9 

-32.1 

-125.4 


Thermal Power 

Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 
Thermal Power Out 


1037.8 

154.7 

54.2 
15.1 

122.4 

34.3 


1089.3 


1418.5 


Total Power Out 2507.8 

Unai- conn ted For 10.6 


Ef f icienev 


E.-n.ludin,; Soed Kt;prot,'e.ssing 43.25% 

luclndiiig Seed Reprocessing 42.91% 
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EKERGY FLOW SUtttlARY 


Case Number: 3.1 

Changes from Reference Case: Illinois #6 Coal 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 



0 

-152gx.Q. 

2520.0 

Power Out (MW) 





Electric Power 





MHD Generator 


613.5 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

777.1 

-142.5 
- 11.2 

623.3 



Plant Internal Power 
Xnv6)Tt'6frs 
O 2 Plant 

Electrical Auxiliaries 
Internal Power 

-9.2 

-84.7 

-32.1 

-126.0 



Electric Power Out 



1101.8 


Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


1019.2 

160.0 

45.5 

14.5 
123.0 

34.0 



Thermal Power Out 



1396.7 


Total Power Out 




2507.0 

Unaccounted For 




13. 

Efficiency 

Excluding Seed Reprocessing 
Including Seed Reprocessing 

44.08% 

43.02% 
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ENERGY FLOW SUMMARY 


Case Number: 3.2 

Changes from Reference Case: 2nd Stage Cyclone Combustor 

Power In (MW) 

Raw Coal to Air Heater Subsystem 0 

Raw Coal to Main Combustor 2518.0 

Total Power In 2518.0 


Power Out (MW) 
Electric Power 


MHD Generator 


585.1 


Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

Plant Internal Power 
Invs2rt<2iTs 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 


779.4 
-138.8 
- 11.1 

629.5 


- 8.8 

-84.9 

-32.1 

-125.8 

1088.8 


Thermal Power 


Condensate Heat Rejection 1022.3 

Stack Loss 169.5 

Coal Drying 54 . 2 

Rejected in Solid Waste 15.3 

Internal Electric Power Not Regen. 122.8 

Other Losses to Ambient 34.2 

Thermal Power Out 1418.3 


Total Power Out 2507.1 

Unaccounted For 11.3 


Efficiency 

Excluding Seed Reprocessing 
Tncluding Seed Reprocessing 


43.23X 

42.89Z 
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ENERGY FLW SUMMARY 


Case Nusber: 3.4 

Changes from Reference Case: Air Preheat Reduced from 1300 F to 1100 F 


Power In (MW) 

Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 

Total Power In 


0 

2561.5 


Power Out (MW) 
Electric Power 


MHD Generator 


550.6 


Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 


813.6 
•126.8 
- 11.9 


674.9 


Plant Internal Power 
Inverters 
02 Plant 

Electrical Auxiliaries 
Internal Power 
Electric Power Out 


-8.3 

-86.3 

-32.1 


-126.7 


Thermal Power 


Condensate Heat Rejection 

1067.7 

Stack Loss 

151.3 

Coal Drying 

55.4 

Rejected in Solid Waste 

15.2 

Internal Electric Power Not Regen. 

122.3 

Other Losses to Ambient 
Thermal Power Out 

34.5 


Total Power Out 
Unaccounted For 


1098.8 


1446.4 

2545.2 

16.3 


Efficiency 


Excluding Seed Reprocessing 
Including Seed Reprocessing 


42.90% 

42.55% 


ENERGY FLOW SUK-IARY 


Case Number : 3.5 

Changes from Reference Case: 8 Tesla Magnet 


Power In (MW) 





Raw Coal to Air Heater Subsystem 
Raw Coal to Main Combustor 



0 

2518.4 


Total Power In 




2518.4 

Power Out (MW) 





Electric Power 





MHD Generator 


658.3 



Steam Turbines 
Shaft Power 
Main Compressor 
Generator Loss 
Net Steam Power 

749.2 
-151.6 
- 10.3 

587.3 



Plant Internal Power 
02 Plant 

Electrical Auxiliaries 
Internal Power 

-9.9 

-84.9 

-32.1 

-126.9 

1118.7 


Electric Power Out 




Thermal Power 





Condensate Heat Rejection 
Stack Loss 
Coal Drying 

Rejected in Solid Waste 
Internal Electric Power Not Regen. 
Other Losses to Ambient 


983.5 

179.5 
54.2 
15.1 

123.8 

32.8 

1388.9 


Thermal Power Out 




Total Power Out 




2507.6 

Unaccounted For 




iO.8 

Efficiency 





Excluding Seed Reprocessing 
Including Seed Reprocessing 

44.42% 

44.07% 
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APPENDIX C 


CALCULATION OF STATE AND TRANSPORT PROPERTIES OF 
PRODUCTS OF COAL COMBUSTION 


APPENDIX C 


CALCULATION OF STATE AND TRANSPORT 
PROPERTIES OF PRODUCTS OF COAL COMBUSTION 

The Coal i’ombust Ion Equilibrium (CCE) Computer Code is a general 
purpose cheiniv'al equilibrium program which is applied to coal combustion 
products^. The calculation determines the composition and thermodynamic 
properties of a svstem consisting of a gaseous phase in equilibrium with any 
number of species which are ideally mixed in the sense that they obey Raoults 
law. A Marguies-^lvpe model can be used to describe the ternary system of 
potassia, alumina and silica. 

The primary data base for the program is the computer tape version of the 
JANAF thermochemical tables. This has been augmented using data from other 
sources and also by revisions based on improved values of the heat of formation 
for certain species. The updated themodyn/imic data are given in Reference 1. 

Transport properties (viscosity and thermal conductivity) of the heavy 

2 

particles are computed using the method of Hirshfelder, Curtis, and Bird 
and assuming that a Lennard-Jones 6-12 potential applies for interactions be- 
tween colliding species. The individual species are combined using Wilke’s 

3 

rule to obtain properties tor the combustion product mixture. 

4 

The model of Demetriades and Argyropoulos for electron transport 
properties has also been programmed as a subroutine for use with Code CCE. 

Cross -sect ion integrals which describe the interaction betvzeen electrons and 
neutral species wove taken frou Reference 3, Coulomb interactions were computed 
using tiie collisuui integrals for a screened coulomb potential taken from 
Mason, Mmui and Smith^. 
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A sample output page trom a typical CCE calculation is shovm in Table C-1. 
The temperature and pressure are listed at the top of the page followed by the 
equilibrium composition in moles per 100 Kg of coal. The gas phase species 
are listed first followed by three condensed phases, water soluble, graphite and 
glass (slag). The thermodynamic properties of each phase and mixture are 
given followed by the transport and electrical properties of the gas. All 
units are MKS. 

References for Appendix C 


1. Cook, C. S., et.al., "Evaluation of Technical Feasibility of Closed Cycle 
Non-Equilibrium MHD Power Generation with Direct Coal Firing Final Report,: 

GE Report to be Published. 

2. Hirschfelder, J. 0., Curtiss, C. F. and Bird, R. B., Molecular Theory of Gases 
And Liquids . Wiley, New York, 1954. 

3. Bird, R. B., Stewart, W. E. and Llghtfoot, E. N. , Transport Phenomena, 

Wiley, New York, 1960. 

4. Demetrlades, S. T. and Argyropoulos , G. S., Phys. of Fluids, 2136, 1966. 

5. Spencer, F. E. and Phelps, A. V., "Momentum Transfer Cross-Sections and Con- 
ductivity Integrals for Gases of MHD Interest," 15th Symposium EAMHL, 
Philadelphia, May 24-25, 1976. 

6. Mason, E. A., Munn, R. J. and Smith, F. J., Phys. of Fluids, 1^, 1827, 1967. 
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APrENDK D 


REPROCESSING OF SPENT SEED PRODUCED BY AN 
MHD/ STEAM POWER GENERATING SYSTEM 


APPENDIX D 


REPROCESSING OF SPENT SEED PRODUCED BY AN 
JffiD/STEAM POWER GENERATING SYSTEII 


This survey was prepared to introduce Hooker Chemical Company to 
seed reprocessing requirements as a supplement to an oral briefing. 


I. Introduction 


Rather stringent requirements for seed recovery and regeneration 
in coal-fired, open-cycle MHD/steam power generating systems are imposed 
by economic considerations. Briefly, it is generally acknowledged that the 
economic viability of any open-cycle power generating plant depends heavily 
on the efficient recovery of at least 95Z of the seed added to the system. 
Based on the costs of alkali metal salts, potassium compounds such as K2C0^ 
appear to be prime candidates for use as seedant materials. However, it 
is possible that under certain circumstances, the economic advantages gained 
through the use of cesium compounds (lower combustion temperature) can more 
than offset the higher costs of these materials. 

The present documen'* reviews system requirements for reprocessing spent 
seed with emphasis placed on the following areas: 

1. The chemical state of the spent seed as it is recovered from 
the MHD power generating system. 

2. The disposal of sulfur from the reprocessing system. 

3. The requirements of the reprocessed seed. 

The work centers on potassium compounds but because of chemical similarities, 
the results and conclusions also apply to cesium. 

This document represents the first step in evaluating seed reprocessing 
systems for PSPEC. The intent is to provide a basis for technical discussions 
between NASA LeRC, Hooker Chemical Company and GE. These discussions 
will lead to selection of the most promising seed reprocessing system which 
will then be evaluated on an economic basis. 
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II. Characteristics of Spent Seed 


Seed which Is Injected Into the combustor reaches thermodynamic 
equilibrium with the combustion gases and moves with the fluid through the 
entire flow train. To illustrate the seed behavior as a function of 
temperature, a simplified diagram of the Interaction of potassium seed with 
combustion products of natural gas In the U-25 facility Is shown In Figure D-1 
(Reference 1). At high temperature, above 2500 K, the major seed species 
Is gaseous, elemental potassium. As the flow cools, potassium reacts with 
water to form KOH vapor. Below about 1500 K, KOH reacts with CO 2 to form 
K 2 CO 2 . As the flue gases become saturated with these vapors, condensation 
occurs which results In an aerosol. At sufficiently low temperature, the 
liquid aerosol solidifies. Below about 440 K, carbonatlon of K 2 CO 2 to form 
KHCO^ takes place, and finally, at low temperature the KHCO^ absorbs water. 

From the above discussion. It becomes evident that the spent seed which 
is recovered from the power generating system will be of mixed composition. 
Further, the chemical composition will depend on the recovery point in the 
flow train. This Is Illustrated by seed recovery experience obtained In the 
low sulfur, U-25 system (Reference 1). 

In the high temperature zone, where KOH is the major seed species, 
condensation from the gas phase occurs on the cold heat transfer surfaces. 

The condensed KOH then reacts with CO 2 from the combustion gases to form a 
hard, crust like deposit with a melting temperature of about 1000 K. The thermal 
and mass transport from the hot gases to the cold walls is such that the 
deposited layer becomes stablized in thickness and further condensate 
runs off as KOH liquid. This behavior allows the recovery of the spent seed 
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which runs to ch« bottom of the radiant and semlradlant sections of the flow 
train. About 40Z of the total seed in the flow is recovered in this manner. 

At lower temperatures where the seed occurs as a K2CO2 aerosol, inter- 
action between the flow and convective tube banks causes deposition. 

These deposits must be removed mechanically or by water washing in order to 
prevent plugging of the flow passages. The spent seed which is recovered 
in this section consists of almost pure ^200^ in either solid or aqueous form 
depending on the removal technique. 

The remainder of the seed in the flow is removed at low temperature 
using wet or dry electrostatic precipitators, or wet venturi scrubbers. 

Because of the carbonation of K2C0^ by the CO2 present in the flue 
gases, the temperature and method of final removal determines 
the composition of the recovered spent seed. Above about 440 K, the seed 
is recovered as K2CO2. However, as the temperature of recovery tails, the 
amount of KHCO^ in the spent seed Increases. Because KHCO^ is formed at 
temperatures above the boiling point of seed/water solutions, wet methods will 
produce large amounts of KHCO^ particularly at low solution concentrations. 

Dry electrostatic precipitation above 440 K results in almost pure K2CO2 as 
a product. 

The major effect of sulfur from the fuel on seed phenomenology is the 
formation of ^280^ at a temperature of about 1650 K. This behavior is 
illustrated in Figure D-2. Thus, in the radiant section of the furnace, 
one would expect ^260^ deposits to accumulate on the walls until the 
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TBIPERATURE (K) 




thickness of Che deposits is stabllzed by heat and mass transfer effects. At 
this point further condensate will run off as a liquid. The difference be- 
tween sulfur>free and sulfur-containing flow is the presence of K 2 S 0 ^ in 
the liquid collected at the bottom of the flow train. 

At lower temperature in the convective and particulate removal 

sections, K-SO, will be collected in a manner similar to chat described for 
2 4 

K2C0^. For seed loadings in excess of Chat required for total sulfur 
removal, the additional seed will be collected as K 2 CO 2 . 

Additional potassium sulfur compounds can be formed in the flow train 
under specific conditions. When the combustion products are fuel rich, 

K 2 S rather than K 2 S 0 ^ may be the preferred sulfur/potassium compound. 
Uncertainties in the thermodynamic properties of K 2 S prevent quantification 
of this behavior. However, it is highly probable that Che liquid seed 
efzluenc from cne radiating section or che steam generating plant prior 
to injection of secondary air, will contain some K 2 S. In addition, at low 
temperatures K2S0^ may continue to react with remaining sulfur oxides Co 
form and KHSO^. These compounds are expected to oe present 

in the spent seed collected by the particulate removal equipment. 

The presence of slag in Che combustion gases has several major 
effects on Che phenomenology of seed recovery because the condensation 
temperature of slag (- 2100 K) is higher than that of potassium compounds' 

The cool surfaces in the radlativ-e section of the steam generating 
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plant will ba coated with slag deposits. As discussed previously, the 
deposits will be stabilized by heat and mass transfer effects such that 
further condensate will run off as a liquid. The temperature of the liquid 
layer is such that slag rather than spent seed is collected at the bottom of 
the slagging furnace. However, potassium is soluble in liquid slag and, if 

4 

dissolved, cannot be recovered easily. Thus, potassium losses to liquid slag 
layers are expected. 

At lower gas temperatures the slag will condense to flyash which travels 
through the flow train. These slag particles can act as nucleation 
centers for seed condensation. Thus, a mixture of K2S0^, flyash 

is expected to be the major product recovered from slagging systems. 
Proceeding comments on the presence of other potassium compounds also apply 
to the spent seed/flyash system. 

Table 1>-1 presents a summary of the composition of the spent seed which 

is recovered from different components of the downstream flow train as a 

function of combustion gas purity. In clean systems, KOE and possibly 

KHCO^ are the major side products of K2CO2 interaction with the combustion 

gases. When the flue gases contain sulfur, this species reacts with the 

seed to produce a mixture of fuel-rich sections of 

the flow train. After secondary combustion, the K2S is converted to ^280^. 

The deposits on the convective tube banks will consist of both K»SO, and 

2 4 

K2CO2 with the mixture ratio detennined by the sulfur content of the fuel. 

At low temperature, ^2^2^? possibly KHCO^ are formed and collected 
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as particulates. The presence of slag in the flow eliminates the collection 
of a spent seed liquid fraction in the high temperature radiant furnace. 
Kather, the collected liquid is slag which contains dissolved K 2 O. In 
the downstream components, the spent seed will be collected as a mixture 
which contains flyash. 

It is concluded from the above discussion that the reprocessing of spent 
seed will be connected with the specific design of the MHD/steam power 
generating system and that seed regeneration requirements may have a 
significant systems impact. 
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Table D-1. COMPOSITION OF SPENT SEED Rl COVERED FROM DIFFERENT SECTIONS 
OF THE FLOW TRAIN AS A FUNCTION OF C0M3USTI0N CAS PURITT 




III. Requirements for Seed Reprocessing 


Ninety-five percent of the spent seed must be recovered and reused in 
any viable open cycle MHD/steam power generating system. This requirement 
places severe restrictions on seed reprocessing facilities. In the case of 
sulfur.contalning fuels, a major portion of the recovered spent seed is in 
the form of potassium/ sulfur compounds. Reprocessing of these compounds 
to remove sulfur is required and must be efficient as to energy consumption 
and product yield. 

The products of seed repr'«cessing are not fixed but will be determined 
by economic considerations. For example, the sulfur which must be removed 
from the spent seed can either be reduced to elemental sulfur, recovered 
as sulfuric acid or discarded as an insoluable sulfate. The first two 
options provide marketable products whereas, the disposal of sulfates may 
cause problems. Considering these three possible options in order, elemental 
sulfur is easy to store and ship. If a market for the sulfur cannot be 
found locally, and the shipping costs are prohibitive, the material can be- used 
as a clean land fill. The problem with elemental sulfur as a final product is 
economic in nature. Additional energy and equipment are required for production 
of this material in contrast to throw-away systems. Sulfuric acid is also 
cheaper to produce than elemental sulfur. This material is an ideal product 
if a local market can be found. However, storage and shipment of sulfuric 
acid cause difficulties and disposal of unwanted sulfuric acid is difficult. 


D-11 


The throw-away option Is appealing at the plant site because it is efficient 
in the use of energy and equipment. However, the product (usually CaSO^) 
is not marketable, is hard to handle and has caused problems in disposal. 

In addition, a cheap source of calcium is required in that it is discarded 
with the sulfur in the coal on a 1:1 molal basis. From the above discussion, 
it can be seen that the most desirable seed reprocessing system is sensitive 
to plant location, local markets and disposal facilities. 

In parallel to the question of the best final product for sulfur, the 
form of the recovered seed need not be K^CO^. The only actual requirement 
is that the seed be handable, combustible and not produce polluting species. Thus, 
K 2 CO 1 J, KOH, K^O and organic potassium salts ace all acceptable as feed- 
stock for the combustor. Some compounds might have slight thermal or 
material handling advantages but these are probably secondary if a major 
benefit to the seed reprocessing facility is realized by producing one 
compound in contrast to another. 

An additional requirement for seed reprocessing is removal of trace impurities 
such as sodium, iron, other metals and chlorides which are entrapped by 
the spent seed as it passes through the steam generating plant. Some of these 
impurities are present in coal while others are produced by c*'e interaction 
of the seed with the construction materials of the steam plant. If the impurities 
are not removed, they may accumulate in the seed charge over a period of time 
and produce an undesirable loss in plant efficiency. 
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It Is desirable to decouple the seed reprocessing facility from 
the main flow train because of outage problems. It Is not acceptable for 
the power generating system to rely on the operational status of the seed 
reprocessing facility. Consequently, provisions to store spent seed as well as re- 
processed seed must be made. Because of the differences In the composition 
of spent seed which Is recovered from various sections of the flow train, 
several storage areas may be required depending upon the seed reprocessing 
system whlcl Is selected. 

To summarize the discussion on seed reprocessing requirements, the selected 
facility must be energy efficient with a high product yield. The final form 
of the sulfur from the coal need not be a specific chemical compound but an 
option to produce elemental sulfur, sulfuric acid or a discardable sulfur 
compound exists, xne selection of tnis option Is site specizlc. in a nice 
manner, the chemical form of the reprocessed seed Is not fixed and will 
be selected by economic considerations. A major requirement Is seed purity 
to prevent build up of unwanted elements In the recycled seed flow. Lastly, 
it Is desirable to decouple the operation of the steam power generating system 
from seed reprocessing. 


IV. Summary and Conclusions 


A review of systems requirements for reprocessing spent seed has been 
undertaken. Emphasis was placed on the chemical state of the spent seed 
as it is recovered from the HHD/steam power generating system. Reprocessing 
requirements were also examined in order to define desirable sulfur and 
products and the chemical characteristics of the reprocessed seed. 

An examination of the spent seed which will be recovered in various 
components of the steam generating flow train led to the conclusion that seed 
reprocessing Is directly connected to the specific design of the power plant. 

Itoo major differences between slagging and non-slaggln£ systems are identified. 
First, spent seed collected from slag containing systems will be a mixture 
of flyash, and K 2 C 0 j. KHCO^ will be formed from *^^3 t^ke seed/flyash 

particles are removed at temperatures below 4A0 K. Second, spent seed obtained 
from slag -free systems will be collected in two tractxons: a) ixquxo ^ 200 ^ 

mixed %rlth 1^3 will be collected in the radiant boiler and b) a mixture of 
K2S0^ and K2C0^ (KHCO^ for low particulate removal temperatures) will be collected 
in the convective section and particle removal equipment. These differences 
indicate that seed reprocessing facilities may be different for the slagging 
and non-slagging cases. 

Requirements for seed reprocessing systems are quite flexible. 

The equipment must be efficient with a high product yield. However, the final 
form of the sulfur processed from the spent seed is optional and will be 
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defined on a site specific economic basis. The chemical composition of the 
processed seed is also optional with the major requirements being an easily 
handlable material which is combustible. Trace elements cannot be allowed 
to accumulate in the processed seed. Finally, the operation of the power 
generating system must be independent of the seed reprocessing facility. 
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APPENDIX E 


MHD SEED REGENERATION 
PROCESS EVALUATION 


This appendix Is a report to GE from the Hooker Chemical Company, 
a discussion of how the data was applied to PSPEC cases, see Section 3.9. 


hooker 


February 28, 1979 


MHD SEED regeneration PROCESS EVALUATION 
for Electrochemical and Formate processes » 
by Georgt T, Miller 

In response to a request by Or* Fred N. Alyea of General Electric Co*, 
a preliminary cost comparison was made for the electrochemical process 
and the formate process for recovering potassium values from ftiHO seed 
materials* The problem centers about the recovery of better than 
95% of the potassium values separate from the sulfur values which are 
introduced with the coal. 

A review of reports supplied by Dr* Alyea shows a wide range of 
plant sizes used for the economics of seed recovery and thus fail to 
provide for direct comparison of the various seed regeneration processes 
and for the economic effect of fuels with various sulfur content* The 
MHO plant of this request, based on 1135 HWe at 43*2% efficiency (2,627 MWt) 
using Montana Rosebud coal at 1*1% sulfur, was not noted in other reports 
provided* Extension of scope to Illinois #6 coal containing 3*55% sulfur 
was also requested* Not requested, but germaine, would be processing 
the minimum sulfur values while venting the maximum SO 2 per EPA emission 
limits* an emergency provision* 

Therefore to effectively compare processes, the following plant 
capacities for feed recycle are compared 

code: M = Montana Rosebud coal (1*1% S) 

1 = Illinois # 6 coal (3*55% S) 

N s ho SO 2 vented in stack , 

V = Vent max* SO 2 per EPA emission limits (1*2# S02/10®BTU) 

2*6 s 2,627 MWt MHD plant 

2 s 2,000 MWt MHD plant 


Plant Cdde 

1 * 1,000 
#/hr K 2 SO 4 processed 

iWt MHD plant 
PI apt Code 

H/hf K 7 SO 4 processed 

IN.2.6 

136,922 (requested) 

MN-2.6 

46,697 (requested) 

IV-2.6 

107,282 

MV-2.6 

17,057 

IN.2 

105,325 

MN-2 

35,921 

IV-2 

82,525 

MV-2 

13,121 

IN-1 

52,662 

MN-1 

17,960 

IV-1 

41,262 

MV-1 

6,560 


Assuming the seed regeneration plant can handle approximately 10% 
more than theory, data for plant capacities from 7,500 to 150,000 # K 2 S 04 /hour 
are required* Computations at 7,500, 20,000, 50,000, 100,000 and 150,000 
# K 2 S 04 /hour will provide a plot from which comparisons can be made* 
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The basis for computations per 0 r« Alyea's request, with addenda 
to Include some stack venting. Is as follows: 


1135 MWe MHO plant @ 43.2% efficiency * 2627 MWt 


If Montana Rosebud Coal Is used 
@1,1 % S * 8,588 #S/hour In 
780,747 /iteoal/hour. 

For condition MN-2.6-- no S Is 
vented and 8 , 588 #sAour requires 
processing 46,697 # K 2 $ 04 /hour. 

For condition MV-2,6 In which 
the max. permissible SO 2 Is 
vented (5.451# S/hour), 17,057# 
K 2 SO 4 per hour must be processed. 


,If JllinQl.a J^ co<i Is used 
@ 3.55 % S = 25,181 # S/hour In 
709,371 # coal/ hour. 

For condition IN-2,6 — no sulfur Is 
vented and 25,181 # S/ hour requires 
processing 136,922 # K 2 SO 4 / hour. 

For condition IV-2.6 In which the 
maximum permissible SOn Is vented 
(5,451 # S/ hour), 107,282 # K 2 SO 4 
per hour must be processed. 


SUMMARY OF RESULTS: 


For Pounds per Hour of K 2 SO 4 Regenerated of:- 


1 

7.500 

20,000 

50,000 

100,000 

150.000 

Electrochemical Process 






Total dapltaf (Millions) 

5.7 

12.5 

24 

45 

63 

Net energy debit (MWe) 

4.4 

11.6 

29.1 

58.2 

88.1 

@ 20m1-l/KWH = $/hr. 

88 

232 

582 

1164 

1762 

Material debit *1 






Ca( 0 H )2 debit W 

16 

44 

108 

217 

327 

02+H2+6ypsum Creditj 
■in'! Total Cost (debit) of 






above In $/hour 

104 

276 

690 

1381 

2089 

Formate Process 

Total Capital (Millions) 

3.3 

7.5 

15.3 

28 

40,5 

Net energy debit (MWe) 

0,37 

0.75 

1.19 

2.39 

3.58 

@ 20 mil /KWH = $/hr. 

7. 

15. 

24. 

48. 

72 , 

Material debit 






02+Ca(0H)2 debit 

69. 

182. 

452 , 

914. 

1368 , 

•iei! Total Cost (debit) of 






above In $/hour. 

76 . 

197 . 

476. 

962. 

1440, 


**Note: the total cost includes materials and energy, not capital, 

CONCLUSIO^: 

The results presented are preliminary and are to function as an 
Initial guide only. The formate reactors, using a slurry, may require 
many more units than those computed from^ experience based on NaOK, although 
what Is believed to be a reasonable factor was used. The electrochemical 
cells must be modified for this application and again what Is believed to 
be a reasonable factor was used. Reduction to practice Is required to 
clarify these values. 

It Is obvious that the computations would suggest that the formate 
process Is preferred for both capital and operating material energy 
costs. It Is pointed out that no value or disposal costs have been 
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ascribed to the C«S04 plus «sh filter cake* This can be dumped or 
sand added and the mix reacted in a kilm to produce cement clinker 
and recover sulfuric acid* 


The attached plot permits a cost analysis versus sulfur (as K2SO4) 
for an extensive range of plant sizes* To convert from pounds sulfur 
per hour to the pounds potassium sulfate per hour^for purposes of 
comparing other data* multiply by 


The attached addenda gives details of the electrochemical process 
and the formate process that were used in arriving at the data in this 


report* 





E -4 








Electrochemf cal - t 


1 

ELECTROCHEMICAL PROCESS 

for seed regeneration from MHD | 

i 

The overall electrochemical reaction is:- 
K2SO4 + 3 H2O — 2 KOH + H2SO4 + H2 + 1/2 O2 

By converting the KOH into the carbonate, the potassium values can 
be separated by crystallization instead of requiring extensive evaporation. 

The mother liquor is then recycled to the catholyte. The hydrogen 
from the cathode compartment could be fed to a fuel cell and recover, 
as electricity, aporoximately 70% of the thermal energy or sold as a 
chemical at a maximum profit if a market can be found or simply used 
as a fuel and recover aporoximately 43 % of the thermal energy via the 
MHD route# For this preliminary cost analysis, the hydrogen was recycled 
as a fuel at a value of 30,5 MWt per ton of hydrogei* The oxygen was 
also recycled to the MHO reactor and given a value of 0,2 MWt per ton 
of oxygen as it enriched the combustion atmosphere and achieved higher 
combustion temperatures. The sulfuric acid plus potassium sulfate 
stream from the anolyte compartment was reacted with lime to produce 
pure calciuir sulfate hydrate with a value of approximately $7«/ton 
and a recycling K2S0£^ stream. 

The electrolytic cells are modified H-2 and H-4 diaphragm cells. 

Cost for the cel Is, bus bars, piping, cranes, building, rectifiers, etc, 
was based on multiplying the Hooker costs by a factor to reflect the 
modifications, A voltage of 4,5 volts was used to compute power. The 
cells for the 7»500#/hr K2SO4 rate were sized at 80 KA, 16 in number. 

All other cells were 140 KA cells using 22 cells for 20,000 #/hr; 53 cells 

for 50,000 #/hr,|106 cells for 100,000 #/hr, and 160 cells for 150,000# K2$04/hr, 

All other costs of major equipment were computed from I968 cost 
data as recorded in Chemical Engineering March 24, 1969 page 114 and 
adjusted to 1979 costs using a factor of 2,08, 
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Letter reference Is to flow sheet on Page«2« All weights are 
expressed In pounds per hour* 


A 

K2S0f^ 

7,500 

20,000 

50,000 

100,000 

150,000 

B 

K2SO4 

18,750 

50,000 

125,000 

250,000 

375,000 

r 

<4# 

*^2 

86 

230 

575 

1,151 

1,727 

0 

K2CO3 

5,953 

15,874 

39,685 

79,369 

119,054 

E 

KOH 

4,821 

12,856 

32,140 

64,280 

96,419 

F 

CO2 

1,905 

5,081 

12,703 

25,405 

38,107 

G 

K2CO3 

11,905 

31,748 

79,370 

158,738 

238,107 

H 

K2 CO3 

5,953 

15,874 

39,685 

79,369 

119,054 

I 

K2CC2 

5,953 

15,874 

39,685 

79,369 

119,054 

J 

H2SO4 

4,226 

11,270 

28,175 

56,351 

84,527 

K 

K2SO4 

11,253 

30,008 

75,021 

150,043 

225,064 

L 

Ca(0H)2 

3,197 

8,525 

21,313 

42,626 

63,939 

M 

O2 

690 

1,841 

4,603 

9,207 

13,811 

NCaS04*2H20 

7,442 

19,847 

49,618 

99,233 

148,849 

0 

K2SO4 

11,253 

30,008 

75,021 

150,043 

225,064 

P 

KWH/Hr 

4,987 

13,300 

33,250 

66,496 

99,744 


K Amp/Hr 

1,108 

2,956 

7,389 

14,777 

22,165 


CREDITS & OEBITCs- 

(per 

hour) 




O2 (® *2MWt/ton 
HWt— 

.07 

.18 

.46 

.92 

1.38 

H2 (® 30,5 MWt/ton 
MWt— - 

1.32 

3.52 

8.80 

17.6 

26,4 

MWt credit for 
H2 & Oj 

1.39 

3.70 

9.26 

18.52 

27,78 

MWe credit for 
H2 & O2 

0.7 

1.9 

4.6 

9.3 

13.9 

MWe debit for 

electrolysis 

5.0 

13.3 

03.3 

66;5 

100. 

MWe debit for 
agitators 

.07 

.22 

.52 

1.04 

1.56 

MWe debIt-NET 

4.37 

11.6 

29.1 

58.2 

88,1 

(At 20m1l/KWH- 
$ for MWe debit) 

($87.) 

($232.) 

($582.) 

($1164.) 

($1762.) 

Ca(0H)2 debit 
$35/ton CaO 

($43.) 

($113.) 

($282.) 

($564.) 

($848,) 

Gypsum credit @ 
$7./ton 

$26. 

$69. 

$174. 

$347. 

$521, 
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Electrochemical • 4 


1 


CAPI^:- 

Capital for individual items expressed as 'bar« module' which 
includes all costs of equipment, instal lation, piping, stc^f, electrical, 
concrete, labor, site and similar direct and indirect. costs but does 
not include contingency and contractor fees* The contingency and 
contractor fees will be added to the sum of the individual components 
to get the total module cost, the module being the seed regeneration 
plant. Note; 'M' = thoudsand and 'MM* = million in the following* 


For #/hour K 2 SO 4 regeneration rates of;- (Point A in flow sheet) 


',500 


po,ooo 


50,000 


ioo_tpoo 


150.000 


Dissolvers ; 

I hr* retenti on 
10 % solution - 20 % 
leeboardo steel 


26 M gal* 
100 H.P. 

aof tatoH 

$5l]^000 


|70 M gal* 
x3 

$ 153,000 


175 M gal 
x7 

$357,000 


350 M gal 
xl4 

$714,000 


525 M gal 
x21 

$ 1 , 071,000 


Filter; 

Rotating drum 
#ash/hr* removed 


(5% of K 2 SO 4 ) 
Ft^@ 13#/hr/ft2 


Electrolytic ; 

At 4*5 volts/ 
cell- includes 
rectifiers 


375 


1,000 


2,500 


5,000 


7,500 


29 

$ 39,000 


77 

$ 72,000 


192 

$ 128,000 


i 385 

i $199,000 


577 

$ 256,000 


16 cells 
1 ^ 8 OKA 
$3*4 MM 


22 cells 
^ 140 KA 
$7*2 MM 


53 cells 
(§> 140 KA 
$13 MM 


106 cel Is 
@ 140 KA 
$25 MM 


160 cells 
^ 140 KA 
$35 mm 


Carbone tors ; 

J^CS^TBour 
Ft3^ff*/#C02Ar 
Bubble plates 
2 ft.height- 


2,000 

8,000 


5,500 

22,000 


13,000 

52,000 


1 27,000 !40,000 

108,000 1 160,000 


$0*5 MM 


l$l*4 MM 


$3*3 MM 


$6*6 MM 


$10* MM 


Crystal lizers; 
w K2t0-/hour 


6,000 

$53 M 


16,000 
$90 M 


40,000 80,000 

$150 M $219 M 


120,000 

• $274 M 


Filter for KjCO^; 

# SK2t03*31^20/nr 
Rotati ng* drum- 
Ft2 @ 12#/ft2/hr. 


( 7,200 

600 

$265 M 


19,000 


48,000 


96,000 


144,000 


1580 14,000 

$490 M 1$880 M 


8,000 12,000 

$1136 MM $1*75 MM 


Causcicizer ; 

gal Ions /hr* 22,000 

includes agitator $37,000 


58,000 

i$50,000 


145,000 

$ 110,000 


290,000 

$215,000 


440,000 

$ 325,000 


Filter for Gypsum: 
# CaS 04 * 2 f 4 o/hr 
Ft2@ 13#7hr/ft2 
Rotar/ Drum 


8,000 

615 

$265 M 


20,000 
1540 
|$490 M 


50,000 

3850 
$880 M 


100,000 

7,700 

$1*36 MM 


150,000 
11,600 
$1*75 mm 
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Electrochemistry - 5 


CAPITAL; (Continued) 


For #/hour K 2 SO 4 regeneration rates of;- 



7,500 

20,000 

50,000 

100,000 

150,000 

Total bare module 

$4,61 MM 

</>■ 

0 

• 

JL 

jC 

$19. MM 

$36, MM 

$50, MM 

% of bare module 
= electrolytic 

7h% 

72% 

68.5% 

69% 

70% 

Total Module cost 
=1,25xBare Mod, 

$5.7 mm 

$ 12.5 MM 

$24 MM 

$45 MM 

$63 MM 


George T. Miller 


Formate - 1 


FORMATE PROCESS 

for seed regeneration from MHO 

The process is to convert potassium sulfate to potassium formate 

as follows:- K2SO4 + Ca(0H)2:^;^ 2K0H -i- CaS04 

2K0H + 2COS^2KCOOH 

This process is discussed in the Un, of Tenn, Topical Report of 
Jar, 4,1979 entitled "Evaluation of Alternative Seed Regeneration 
Processes Applicable to a Coal -Fired MHO Power Plant" by Matty et a1 • 

The appendix gives some detail and a flow-sheet. The process is based 
on a German patent (equivalent U.S. Pat, #2,030,082) and is reported 
to have been a commercial process. The following comments 1*1 the report 
are considered pertinent, 

a) The CO utilization efficiency is reported as unknown, 

b) The reaction kinetics are not well defined and thus the 
equipment size is not defined, 

c) The economics are unknown, 

d) Precipatatior of potassium formate as discussed on 
Page 5 of the above report is questioned as is the filtration step 
before incineration. The formate is much too soluble (88,4^y wt,) 
to be in agreement with the statements and flow-sheet. 

Based on personal experience with sodim formate from caustic 
and CO (a much more direct process), the following can be said: 

a) Reaction rates are greatly dependant on partial 
pressure of the CO, Thus, high reaction rates and high utilization 
are favored by high gas pressure^ high percentage CO in the supply gas 
and the number of countercurrent reaction stages used. Approximately 
80% utilization is expected, 

b) Experience with sodium formate would define minimum 
reactor size at. 10# formate/ cubic foot/hour. This is based on a very 
effectively agitated reaction vessel at Approximately %50psi and 
approximately 200 °C, Use of a packed tower or bubble plate column is 
not recommended based on the experience with caustic of requiring over 
100 times the reaction time as that required in a high shear agitated 
reactor for comparable results. 


Formate- 2 


ASSUMPTIONS ANO RECOMMENDATIONS; 

In that three primary centers of economic concern are:-1 } CO 
utilization, 2) reactor throughput and capital cost and 3} evaporation 
to recover the desired product, I recommend: 

a) Use of a slurry of Ca(0H)2 and K2SO4 (with attendant • 
ash) in the Formate Reactors so that the product from the reactors, when 
filtered to remove CaS04 and ash, will yield an approximate 50-60% 
solution. This stream can then be evaporated on a 150°C drum f laker 

to produce a KCOOH K2SO4 product for feed to the MHO plant. This 
eliminates the evaporators and decreases the size of the CO reactors, 

b) Generate CO from the reaction between coke and pure 
oxygen to maintain a high CO concentration in the gas, thus greatly 
decreasing reactor investment, etc, 

c) Use of high shear agitation in the CO reactors, 

d) Reactors to be 'Monel' clad to minimize corrosion, 

e) Minimum reactor size is based on 10# Formate/cu,ft,/hr, 
The more realistic production capability is 3,3 # fcrmate/cu,ft,/hour 
and this will be used for investment computations. 
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Letter reference is to the flow-sheet op page-2» All weights 
are expressed in pounds per hour* Assume 20% excess K2SO4 is recycled 
through the formate process to drive the equilibrium in the formate 
reactors* 



K2SO4 to be 
regenerated 

7,500 

20,000 

50,000 

100,000 

150,000 

A2 

Total K2SO4 

9,000 

24,000 

60,000 

120,000 

180,000 

B 

H2O 

9,000 

24,000 

60,000 

120,000 

180,000 

C 

Ca(0H)2 

3,2CQ 

8,500 

21,300 

42,000 

64,000 

D 

CO (80%utilized) 

3,000 

8,000 

20,000 

40,000 

60,000 

E 

K2 SO4 

1,500 

4,000 

10,000 

20,000 

30,000 


KCOOH 

7,240 

19.300 

48,300 

96,500 

144,000 


Ca SO4 

5,900 

15,600 

39,000 

78,000 

117,000 

F 

CaS04»2H20 

7,500 

20,000 

50,000 

100,000 

150,000 


Ash (5%of K2SO4) 

450 

1,000 

2,500 

5,000 

7,500 

G 

K2SO4 

1,500 

4,000 

10,000 

20,000 

30,000 


KCOOH 

7,240 

19,300 

48,300 

96,500 

144,000 


H2O 

9,000 

24,000 

60,000 

120,000 

180,000 

H 

K2SO4 

1,500 

4,000 

10,000 

20,000 

30,000 


KCOOH 

7,240 

-.9,300 

48,300 

96,500 

144,000 

I 

CM 

0 

0 

0 

CM 

+ 

0 

0 

>5 

0 

CD 

CM 

0 

2,600 

6,900 

17,000 

35,000 

52,000 


Coke <§> 10%ash 

1,900 

4,800 

12,000 

24,000 

36,000 

DEBITS (per hour) 





O2 @ $20/ton 

$26 

$69 

$170 

$350 

$520 

Ca(OH)2(@$35/tonCaO) $^3 

$113 

$282 

$564 

$848 

MWe for agitation 
reactors, dissolvers *37 
((® 20 mil /KWH) $7*40 

.746 

$14*90 

1.19 

$23.80 

2.39 

$47*80 

3.58 

$71.60 


No debit taken for preheat or water evaporation from the f laker 
in that there is more than enough heat from the CO generator for 
these applications* 
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CAPITAL 

Capital for individual items expressed as 'bare module' which includes 
all costs of equipment, instal lation, pi ping, steel , electrical , concrete, 
labor, site and similar direct and indirect costs but does not include 
contingency and contractor fees. The contingency and contractor fees 
will be adaed to the sum of the individual components to get the total 
module cost, the module being the seed regeneration plant. 

Note that 'M' = thoudsands and 'MM' = millions. Costs of major equipment 
were computed from 19^8 cost data as recorded in Chemical Engineering, 

March 24,1969 page 114 and adjusted to 1979 costs using a factor of 2,08« 


For #/hour K5S0t, regeneration 

17,500 


rates of: 

| 20,000 


50,000 


100,000 


150,000 


Dissolvers ; 

3 hour retention 
10% leeboard-steel 


+agi tation 


-gal Ion* 7,000 

$37,000 


18,000 

$ 50,000 


44,000 

$ 110,000 


87,000 

$ 215,000 


130,000 

$ 325,000 


Pumps ; 
psi 


for gal/hr 


2,200 

$ 20,000 


5,750 

$33,500 


14,400 

$ 80,000 


28,800 43,200 

$ 160,000 $240,000 


Formate Reactors ; 
for #/hr formate 
Ft^ (§> 10#/hr/ft3 
Used a max* size 
of 8'0.x8'H 


7,240 

724 

$0,36mm 


19,300 

1,930 

$0.92 MM 


48,300 

4,830 

$1.73MM 


96,500 144,800 

9,650 14,480 


$3.5MM 


$5.2MM 


Filters ; 

#CaS 04 * 2 H 2 0+as 
Ft^ ^ 13#/hr/ft" 


h/hn8 


,000 
615 
$0, 266mm 


21,000 

1,615 

$0,49mm 


53,000 

4,100 

$0.88mm 


105,000 
8,200 
$ 1.36mm 


160,000 
12,300 
$ 1.76mm 


Flaker; (evaporator) 
"OCWH+K 2 SO 4 / hr. 

Ft^ (® 8 #/hr/ft 2 


9,000 

1,150 

$ 0,391 MM 


t 


24,000 

' 3,000 

$0.723MM 


60,000 

7,500 

$1.30MM 


CO Generator ; 
#C0/hour 

BTU of combustion 


i 


3,000 

79 MM 
$0,661 MM 


8,000 
210 MM 
$1.37MM 


20,000 
525 MM 
$3.1 5MM 


Scrubber ( CO 9 remove 1 ) 


C 02 to be removed 
#/hr. (S80%C0,20%C0- 750 

Ft^ (S' 4 ft3/#C02/hr.3,000 
Bubble plates 

2 'height between pl.$0.173MM 


2,000 

8,000 

$0.5 MM 


5,000 

20,000 

,$1.5MM 


120,000 

180,000 

15,000 

22,500 

$2.03MM 

1 

$2.63MM 

40,000 

60,000 

1,050 MM 

1,575 mm 

$5.65MM 

$7.85MM 

i 

10,000 

15,000 

40,000 

60,000 

$2.5MM 

$4.0 MM 


Formate - 5 


CAPITAL; (continued) 


For #/hour K2S0^ rej 

feneration 

7,500 

rates of: 
20,000 

50,000 

100.000 

150,000 

Total Bare Module 

$1,9 HM 

$4.1 MM 

$8.8 MM 

$1 5.4mm 

$22.0MM 

% of bare module 






* reactors 

19% 

22.5% 

20% 

23% 

24% 

Total Module cost 






=U 25 xbare module 

$2«4MM 

$5*1 MM 

$11.MM 

$20.MM 

$27.5MM 


George T, Milter 
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APPENDIX F 

COST BASIS FOR COMBUSTION AND HEAT EXCHANGER SUBSYSTEMS 
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APPENDIX F 

COST BASIS FOR COMBUSTOR AND HEAT EXCHANGER SUBSYSTEMS 


SuMMrics of direct coats for the HTA? gasifiers/combustors, HTAH assenbly 
and MHD conbustors for Base Case 1> 2> and 3 are given in Tables F-l, F-2, and 
F~3t respectively. The figures quoted are direct cost F.O.B.; they Include the 
costs of auxiliary conponents. Instrumentation and control » but do not Include 

I 

the costs of vessel Installation and erection except for the items listed | 

below. j 

1. The HTAH costs Include the direct costs and installation of: ducting, | 

piping. Insulation, valves, auxiliary components, flue gas recirculation j 

fans. Instrumentation and control, expansion joints and gas burners I 

located within the battery limits of the HTAH. \ 

2. The HTAH costs do not Include the direct costs and Installation of: j 

main air compressors, expansion turbines, HTAH Gasifiers/Combustors, I 

Interface ducting between HTAH gasifiers and the HTAH assembly. j 

3. CAPFB costs Include ; 3 gaslfler/sulfate generator vessels, 3 gasifier 
cyclones, 3 sulfate generator cyclones, and ducting between the 
gasifier and cyclones. 

4. CAPFB costs do not include field erection of the 18.3 ft I.D. gasifier 
vessels and the following costs: 

Gasifier Field Erection 

(47 in. I.D.) Post Cyclone Product Gas Duct, $850/ft (3 each) 

(26 in. I.D.) Post Cyclone Off gas Duct, $650/ft (3 each) 

(105 in. I.D.) Main Manifold Duct, $2050/ft (1 each). 

SOA Fixed Bed Gasifier 

Cost data for the conventional fixed bed gasifier was obtained from McDowell 
Wellman, Cleveland, Ohio^, a manufacturer of fixed bed gasifiers. In large 
production quantities, the F.O.B. cost per 10 ft I.D. gasifier, including 
clean-up cyclones, is $300,000. Additional operating and cost data of the SOA 
fixed bed gasifier are given in Table F-4. 
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Table F-1 


Cost Suianary for HTAH Gasifier. HTAH Assembly and HHD Combustor 

Base Case #1 Dat e 6 March 1979 

Revision # 2 




Component 

Humber 

Total 

Space 

Direct 

Case 

Component 

Description 

of Vessels 

Weight 

Envelope 
; X w X H 

Cot 

1 




lbs XIO^ 

ftXftXft 

$ X 10^ 

1.0 

UTAH Gasifier 

Wellman Galusha 

35 

4.900 

288x56x70 

10.50 


HTAH 

SOA HX 

14 

88.000 

350x200x110 

131.63 


MHD Combustor 

2 Stage Cyclone 

8 + 1 

0.592 

60x60x50 

10.66 

1.1 

HTAH Gasifier 

Wellman Galusha 

30 

4.200 

240x56x70 

9.00 


HTAH 

SOA HX 

14 

88.000 

350x200x110 

131.63 


MHD Combustor 

2 Stage Cyclone 

8 + 1 

0.408 

50x50x50 

9.80 

1.2 

HTAH Gasifier 

Wellman Galusha 

42 

5.880 

336x56x70 

12.60 


HTAH 

SOA HX 

17 

106.860 

420x200x110 

159.83 


MHD Combustor 

2 Stage Cyclone 

12 + 1 

0.614 

75x50x50 

14.28 

1.3 

HTAH Gasifier 

Wellman Galusha 

35 

4.900 

288x56x70 

10.50 


HTAH 

SOA HX 

14 

88.000 

350x200x110 

131.63 


MHD Combustor 

2 Stage Cyclone 

8 + 1 

0.407 

50x50x50 

9.90 

1.4 

HTAH Gasifier 

Wellman Galusha 

35 

4.900 

288x56x7 0 

10.50 


HTAH 

SOA HX 

14 1 

88.00 

350x200x110 

131.63 


MHD Combustor 

1 Stage Vortex 

6 

0.684 

54x25x30 

6.84 

1.5 

HTAH Gasifier 

Wellman Galusha 

1 

30 j 

4.200 

240x56x70 

9.00 


HTAH 

SOA HX 

14 1 

88.000 

350x200x110 

131.63 

i 

1 

MHD Combustor 

1 Stage Vortex 

1 

1 

i 

i 

i 

j 

i 

6 1 

1 

1 

i 

1 i 

} 1 

i 1 

1 j 

1 1 
i 

i ! 

0.548 

1 

1 

j 

50x25x30 

i 

1 

1 

1 

5.75 

1 




Table F-2. 

Coat Sob— ^*7 HTAH Gasifier, HTAH Aasenbly and MHD Combustor 

Base Case #2 


Case 

Component 

Component 

Description 

Number 
of Vessels 

Total 

Weight 

Space 
Envelope 
L X W X H 

Direct 

Cost 

# 




lbs x 10® 

ftXftXftX 

$ X 10® 

2.0 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

5 

0.273 

35x35x40 

5.90 


HTAH 

Advanced, Cold 
Bottom HX 

19 

45.058 

310x99x89 

136.21 


MHD Combustor 

1 Stage Vortex. 

6 

0.862 

40x34x30 

6.69 

2.0(a)HTAH Gasifier 

S^PMB 

15 + (2) 

9.350 

155x54x70 

34.00 


HTAH 

Advanced, Cold 
Bottom HX 
S^PMB + 2nd 
Stage Coal 
Combustor 

18 

47.214 

311x100x93 

142.73 


MHD Combustor 


0.250 

15x15x20 

1.00 

2.0(b) 

HTAH Gasifier 

S^PMB 

10 + (2) 

6.600 

110x54x70 

24.00 


HTAH 

Advanced, Cold 
Bottom HX 

14 

36.050 

272x87x93 

108.98 


^IHD Combustor 

S'^PMB + SPMB 

14 + (2) + 1 

8.800 

144x54x70 

33.00 

2.1 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

4 

0.218 

35x35x40 

4.72 


HTAH 

Advanced, Cold 
Bottom HX 

17 

41.497 

290x93x89 

125.44 


MHD Combustor 

1 Stage Vortex 

6 

0.862 

40x34x30 

6.69 

2.2 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

4 

0.312 

30x30x40 

5.14 


HTAH 

Advanced, Hot 
Bottom HX 

17 

29.427 

296x95x80 

88.96 


MHD Combustor 

2 Stage Cyclone 
Combustor 

12 + 1 

0.724 

75x50x50 

14.50 

2.4 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

5 

0.258 

40x40x40 

5.55 


HTAH 

Advanced , Cold 
Bottom HX 

18 

41.743 

302x97x87 

126.19 


MHD Combustor 

2 Stage Cyclone 
Combustor 

9 + 1 

0.573 

60x50x50 

11.24 

1 

2.5 

Same as Case 2 

0 Except for 

4 

0.227 

30x30x40 

1 1 

4.92 


Pressure (Cs Si 

>ed) 

16 

6 

37.696 

0.568 

286x91x88 

39x34x30 

133.96 
' 5.80 
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Table F-2. (Continued) 

Cost Sunnnarv for HTAH Gasifier. HTAH Assembly and MHD Combustor 

base Case 02 


Case 

Component 

Component 

Number 

Total 

Space 
Envelope 
L X W X H 

Direct | 



Description 

of Vessels 

Weight 



Cost 

_ 1 





lbs X 10^ . 

ftXftXft 

$ X 10^ 

2.6 

Same as Case 2 

.0 Except for 

6 

0.353 ’ 

50x35x40 

7.63 


Pressure (Supe 

r sonic Channel) 

25 

63.025 

360x115x93 

190.525 




8 

0.880 

50x34x30 

8.98 

2.7 

Same as Case 2 

.0 Except for 

r 

0.258 

40x40x40 

5.58 


Pressure (8T M 

agnet) 

17 

41.452 

298x95x89 

125.308 • 




6 

0.908 

41x35x30 

6.29 

2.10 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

3 

0.163 

20x35x40 

3.54 


HTAH 

Advanced, Cold 
Bottom HX 

10 

25.138 

228x73x92 

75.99 


MHD Combustor 

1 Stage Vortex 

3 

0.431 

20x34x30 

3.34 

2.11 

HTAH Gasifier 

2 Stage Cyclone 

4 

0.218 

30x35x40 

4.72 



Gasifier 

14 

33.105 

263x84x91 

100.08 


HTAH 

Advanced, Cold 
Bottom HX 



■ 



MHD Combustor 

1 Stage Vortex 

5 

0.431 

30x34x30 

5.57 

2.12 

HTAH Gasifier 

Air Cooled 

90 

4.500 

Included wit' 

1 18.00 



Vortex Burners 



HTAH 



HTAH 

Advanced HX, 
atm Reheat 

18 

121.295 

386x220x120 

181.46 


MHD Combustor 

1 Stage Vortex 

6 

0.600 

40x30x30 

6.12 

2.15 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

5 

0.273 

35x35x40 

5.90 


HTAH 

Advanced, Cold 
Bottom HX 

17 

41.452 

298x95x89 

125.31 


MHD Combustor 

1 Stage Vortex 

12 

0.431 

80x34x30 

13.38 

2.16 

HTAH Gasifier 

2 Stage Cyclone 
Gasifier 

4 

0.170 

25x25x40 

3.67 


HTAH 

Advanced, Hot 
Bottom HX 

17 

22.100 

257x82x80 

66.81 


MHD Combustor 

1 Stage Vortex 

6 

0.542 

38x34x30 

5.53 

2.17 

HTAH Gasifier 

CAPFB 

3 

1.410 

50x50x70 

2.98 


HTAH 

Advanced, Cold 
Bottom HX 


41.452 

0.862 

298x95x89 

125.31 


MHD Combustor 

1 Stage Vortex 

6 

40x34x30 

6.69 















iia ao ■0^5 




















SOA HTAH 


Direct costs for the SOA HTAH were obtained via extrapolation of cost data 

2 

provided in the GE ETF Study . In scaling to the conmerclal size plant, 
it was assuaed ttiat 60Z of the direct cost scaled llnearlly with preheat air 
delivery requlreoenta while the remaining 40% scaled by the square root of 
the delivered mass flow rate. This scaling was adapted on the assumptions that 
refractory costs, which constitute 60% of the HTAH costs, will scale llnearlly 
with plant size while the remaining 40% will accrue benefits from economies of 
scale and only scale as the square root of air mass flow rate. Changes in 
operating pressure during blowdown In Base Case 1 were not reflected In vessel 
size changes since It Is asstimed the vessel designs are pressure drop limited 
during the reheat cycle. 

Two Stage High Slag Rejection Gaslfler/Combustor 

Data for costing this coaq>onent was obtained from extrapolation of data 

2 

developed during .the GE ETF Study . The direct cost for a clustered 
gasifier (nominally 2 each 5.7 ft I.D. primary gasifiers per cluster) Is 
$2,225,000. This translates Into a cost of 1,125,000 per gasifier with an 
accounting for component manifolding. At a design pressure of 7.4 atm each 
gasifier has a rated capacity of 6.2 Kg/s. Reference cost data for this 
component are given In Table F-4. The capacity of the gasifier was 
scaled linearly with pressure for 'operating pressures differing from the design 
condition. The diameter of the gasifier was then adjusted to accommodate a 
suitable number of gasifiers for acceptable clustering arrangements. For 
these cases requiring a second stage gas phase combustor, $1,000,000 was allocated 
to account for the cost of the second stage gas phase combustor and required 
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hot manifold ducting. 


Single Stage Vortex Combustor 

Cost data for the single stage vortex combustor was obtained from the 

3 

AVCO ETF report . Scale-up of this component was assumed to be 

via the use of ETF scale combustor modules. The cost scaling rationale for 

this combustor is the same as for the two-stage cyclone combustor concept 

except that an accounting for a second stage gas phase combustor was not required. 

Advanced HTAH (Pressurized Reheat/Pressurized Blowdown ) 

Costs for the advanced HTAH were obtained by scaling cost and performance 
data from the ETf 2 design (7 ft O.D. vessels) to a commercial size reference design 
(14 ft O.D. vessels). The costs for the reference design were obtained from 
the ETF size HTAH by assuming 60% of the material cost scaled linearly with 
air capacity while the remaining 40% scaled with the square root of air 
capacity. Table F-4 provides the cost data for this reference design. Since 
the capital investment for the HTAH is significant, it was deemed desirable 
to scale the vessel size (and cost) as a function of delivered air flow, air 
temperature rise, .d operating* pressure. The air mass flow capacity per 
vessel, m, through a given HTAH vessel can be scaled by fixing the percent 
pressure drop across the HTAH and is scaled as follows: 


m(2) ^ [ D(2) | f P(2) I [AT(1) | 

m(l) Id(1)1 P(1)J |at(2)1 


( 1 ) 


where the (2) refers to perturbed conditions, and the (1) refers to the 
reference operating conditions; the D, P and AT refer to the matrix diameter, 
operating pressure and air temperature increase through the heat exchanger. 
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respectively. Operating conditions for perturbation cases were determined after 

channel/generator calculations optimized net electrical output from the MHD 

flow train. Having determined the air mass flow capacity per vessel, the 

approximate number of vessels needed was calculated. The number of vessels 

required was then rounded off and adjusted mass flow capacities and vessel 

sizes calculated. The specific weight adjustments from the reference case were 

2 

then proportioned to D L, with D being the HTAH diameter and L being the 
matrix bed height which was assumed to be proportional to AT. The total cost 
for the system was then calculated from the total weight by ascribing a fixed 
cost per pound. The space envelope for the HTAH assembly was determined from 
the number and size of the vessels relative to the reference design case. 


Advanced HTAH (Atmospheric Reheat /Pressurized Blowdown) 

Coating for the HTAH in Case 2.12 (3000 F delivered air) developed as 
a perturbation to the concepts developed for Base Case 1 (2700 F delivered air) . 
The air capacity per vessel was scaled' Inversely proportional to the square 
root of the air temperature Increase while the weight of each vessel 
was scaled in proportion; l.e.. 



( 10 ) 


Wt(2) ^ AT(2) 
Wt(l) " AT(1) 


( 11 ) 


A sunmary of the reference cost data for this HTAH assembly is given in 
Table F-4. 


CAPFB 


Cost data for the CAPFB In Case 2.17 were obtained by scaling Information 
provided by the Foster Wheeler Development Corporation for 20.25 ft. l.D. 
gasifiers designed for operation at 8 atm pressure. The reference cost data 
for this component are given In Table F-4. 

The diameter of the vessel was scaled according to the following 
relationship 


i D(2) - D(l) 

I 



( 12 ) 


which assiimes the superficial gas velocity is held constant, while the weight 
and cost were assumed to scale as the surface area, which in this case implies 
a linear scaling with diameter since the vessel height does not change 
appreciably. 

j 

The cost for field construction and erection of the gasifier is n^t 
included as part of the cost quoted in Table F-2. Field erection costs 
for this t3rpe component could vary between 100% and 400% of the F.O.B- material 
cost. 

3 ^ 

Slagging Pressurized Moving Bed Gasifier (SPMB/S PMB) 

Cost estimates for the SPMB were obtained from cost data published in 
a recent EPRI Report and via personnal communications with EPRI^ and Lurgi of j 

America^. The estimates direct cost for a 4 m SPMB is $2,000,000 each. 

Erection and installation costs are estimated at 200% of the F.O.B. material 

cost. Data from the above referenced EPRI report suggested the use of spare gasifier 
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Spare gasifiers are included in the costing for Case 2.0(a) and 2.0(b); the 
spare units are identified by parentheses in Table F~2. Costs for the 

3 

S PMB and SPMB were assumed to be the same since the construction of the gasifiers 
would likely be similar in nature. Reference performance and cost data for 
the SPMB are given in Table F-4. Adjustments to cost were not adjusted 
for operating pressures differing from the pressure because of uncertainties 
associated with the base cost as well as vessel capacity. 
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APPENDIX G 


COSTING PROCEDURE. CASE 3.5 


G.1.0 DETERMINATION OF CAPITAL COSTS (R«f«r to Table G-1) 

1. Dctaralna Major Equipment Coat. BOP Material Coats and Installation 
Costa for each account using the- input pataarvi^ers for Case 3.3. and 
the scaling factors derived from the appropriate Bechtel cost 
estimate. (In this case, the scaling factors derived from Bechtel's 
estimate of Case 3.0 were used). 


2. Estimate Indirect Field Costs for each account by taking 7SZ of the 
Installation cost determined for that acocunt. 


3. Field Construction Cost Is the sum of the total cost for each account 
or the sume of the totals for each cost category: 

Field Construct'^u.' Coft ■ 894.8 


4. Engineering Services Is 15Z of the sum of BOP Materials. 
Installation and Indirect Costs: 

Engineering Services ■ 0.15 (141.5 + 134.9 101.2) 

- 0.15 (377.6) 

“ 56.6 

5. Contingency Is 102 of the sum of the conventional plant costs and 
the applicable portion of their engineering services cost plus 20Z . 
of the MHD Topping Cycle costs (Account No. 317) and the applicable 
portion of the engineering services costs. 

Contingency - 0.20 [541.2 + 0.15 (32.5 + 50.0 + 37.5)] 

(MHD exponents) 

- 111.84 

Contingency - 0.10 [(894.8 - 541.2) + 0.15 (377.6 - 120.0)] 
(Conventional Plant) 

- 39.224 

Total Contingency * 151.1 

6. Oxygen Plant Cost , if applicable. Is determined using the 
estimate of the Lotepro Oxygen Plant cost, scaled up to the 
appropriate capacity, (See Table G-2) 


7. 'Egcalation and Interest During Construction (E & IDC) was done 

assuming a 6-1/2 year construction period , applying the E&I factor 
of 1.679 Table G-4) to the sum of the Field Construction, 

Engineering Services, Contingency and Oxygen Plant Costs, and d«- 
escalatlng to current dollars (6-1/2 years at 6-1/2 %/year). This 
figure is the Total Estimated Construction Cost (TECC) expressed in 
current dollars . Subtracting the initial sum from the TECC gives 
the E&IDC cost. 


Field Construction 

894.8 

Engineering Services 

56.6 

Contingency 

151.1 

Oxygen Plant 

85.6 

Sum 

1188.1 


Escalation and Interest Multiplier 


1.679 

6.5 

(1.065) 


1.11501 


Total Estimated Construction Cost 
1188.1 X 1.11501 - 1324.7 


Escalation and Interest During Construction 
1324.7 - 1188.1 - 136.1 


DETERMINATION OF COST OF ELECTRICITY (Refer to Table G-3) 


1.. Capital Cost! 

a. Fixed Charge Rate • 18%/ yr 

b. Plant Capacity Factor *0.65 g 

c. Total Estimated Construction Cost * $1324.7 x 10 

d. Plant Capacity • 1118.7 MWe 


Capital COE 


1324.7 X 10° (0.18) 


(1118.7) (0.65) (8760 hrs/yr) 


2. Fu«l Co«t; 


a. Coat Lavalizatlon Factor ■ 1.882 

(Baaed on 6-1/2% Inflation Rate for 30 Year Plant Life) 

b. Current Fuel Coat - $1.05/106 BTU 

c. Plant Efficiency ■ 44.07% 


COE - -a-,8§2J- C3.4.t3. ,BTO/w«tt-hr 

Fuel COE 0.4407 


■ 15.30 allla/KWhr 


3. Operating and Maintenance Coat 

Data/Aaaumptlona : 

Plant Capacity « 1118.7 MWe 
Seed Reproceaislng 06M Coat • 0.76 Mllls/KWhr 
Coat Levellzatlon Factor ■■ 1.882 
MHO Generator Coat > $17.5 x 10^ 

MHO Generator Service Life « 10,000 hr. 

Plant Life - 30 yeara 
Houra Per Tear ■ 8760 
Capacity Factor *0.65 

a. Maintenance Coat ; 

Fixed Maintenance Coat - ECAS II data (except MHO Generator) 
eacalated from mid 1975 to mid 1978 at 8% per year: 

1.46 mllla/KWhr 

MHO Generator, 10,000 houra between overhaul, 1/2 coat of new 
generator at each overhaul: 


$17.5 X 10^ X 0.5 
1118.7 X 10,000 


0.09 milla/KWhr 


Spare MHO Generator amortiiied over 30 year plant life 


17.5 X 10^ 

1118.7 X 8760 X 30 X 0.65 


0.78 mills/KHhr 


Total Maintenance Cost ” 2.33 mills/KWhr 
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b. Operating Cost t 


Crew of 130 (based on EGAS II) at $25, 000/year 


130 X $25.000 
1118.7 X 0.65 ■: 8760 


mills/KWhr 


c. Operating Consumables 

Conventional Operating Costs (Non**MHD) based on EGAS II data 
escalated to mid 1978 


1118.7 X 0.65 X 8760 mills/KWhr 

Seed Reprocessing (Table 3.9-3) 

0.76 mills/KWHR 

d. Levelized Total Operating and Maintenance Cost ; 
3.72 X 1.882 - 7.00 mills/KWhr 
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Table G-1. Plant Capital Cost Estimate Summary 
Open Cycle MHO 


Case 3.5 


Million $ 


Account 

No. 

Account Descrlntlcn 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures and Improvement 

- 

35.8 

31.1 

23.3 

90.2 

312 

Boiler Plant Equipment 

70.2 

16.1 

21.3 

16.0 

7 23.6 

314 

Turbogenerator Units 

25.8 

27.4 

13.7 

10.3 

77.2 

315 

Accessory Electrics! 
Equipment 

- 

19.9 

18.0 

13.5 

51.4 

316 

Miscellaneous Power Plant 
Equipment 

- 

3.2 

0.7 

0.5 

4.4 

317 

MHO Topping Cycle 

421.2 

32.5 

50.0 

37.5 

541. 

350 

Transmission Plant 

_ 

6.6 

0.1 

0.1 

6.8 


FIELD CONSTRUCTION COST 

517.2 

141.5 

134.9 

101.2 

894.8 


Engineering Services 


56.6 


Contingency 
Oxygen Plant 

Other Costs - Escalation and 
Interest During Construction 


151.1 

85.6 

136.6 


TOTAL ESTIMATED 
CONSTRUCTED COST 


1324.7 


G-5 




P 


Table G-2- 0^ Plant Costs 


Cost basis: $50. 5b x 10^ per 6087 tons/day (197.8 KWhr/ton 

equivalent pure 0^) 


CASE NO. Pq (MW) 

TONS/DAY COST ($ x 10^) 





1.0 

32.7 

3968 

33.0 

1.1 

32.7 

3968 

33.0 

1.2 

0 

- 

- 

1.3 

32.7 

396b 

33.0 

1.4 

32.7 

3968 

33.0 

1.4a 

32.7 

3968 

33.0 

3.0 

84.9 

10,301 

85.6 

3.1 

84.7 

10,277 

85.4 

3.2 

84.9 

10,301 

85.6 

3.4 

86.3 

10,471 

87.0 

3.5 

84.9 

10,301 

85.6 

Note: 

O2 plant Is assumed to 

be delivered as a Turnkej 

r Installation 


hence no installation. 

indirect, engineering or 

contingency 


costs are included. 




Table G-3. Cost Summary for Case 3.5 


CAPITAL COST: ($ x 10^) 


MAJOR EQUIPMENT COST 

.94.2 

BOP MATERIAL COST 

141.5 

INSTALLATION COST 

134.9 

INDIRECT FIELD COST 

101.2 

FIELD CONSTRUCTION COST 

871.8 

ENGINEERING SERVICES 

56.6 

CONTINGENCY 

146.4 

03CYGEN PLANT 

85.6 

ESCALATION AND INTEREST 
DURING CONSTRUCTION 

133.5 

TOTAL CAPITAL COST 

1293.9 

PLANT OUTPUT (MWe) 

1118.7 

CAPITAL COST ($/kWe) 

1156.6 


COST OF ELECTRICITY! (Mllls/KW/hr) 


CAPITAL COST 36.56 

FUEL COST 15.30 

OPERATION AND MAINTENANCE 7.00 

TOTAL COE 58.86 

OVERALL PLANT EFFICIENCY (Z) 44.07 


Table GWv. Escalation and Interest Cost Factors 


[Escalation + Interest * Total. Annual rates esca- 
lation. 6.5 percent, interest, 10 percent.] 


Time from 
start of 
design to 
powerplant 
completion, 
yr 


Escalation 

Interest on 
obligated 
funds 

Total 

Cost factor 


..000 

.022 

,044 

.069 

.094 

.122 

.151 

.182 

.214 

,.249 

1.285 

.324 

1.365 

1.409 

1.454 

1.503 

1.554 

1.609 

1.666 

.726 

1.790 


000 

040 

081 

125 

170 


1.218 

1.267 

1.319 

1.372 

1.42b 

1.487 

..548 

1.612 

1.679 

1.748 

1.822 

1.898 

1.978 

2.061 

2.148 

2.239 









APPENiaX H 

PLANT CAPITAL COST ESTIMATE SUMMARIES 


PLANT CAPITAL COST ESTIMATE SUMMARY 
(Kid 1978 Dollars x 10^) 

Casa 1.0 

(Priisary Change Froo Reference Case: Reference) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 


35.3 

31.2 

23.4 

89.9 

312 

Boiler Plant Equipment 

85.8 

18.1 

21.5 

16.2 

141.6 

314 

Turbogenerator Units 

27.9 

31.5 

15.6 

11.7 

86.7 

315 

Accessory Electrical 
Equipment 

— 

14.4 

16.7 

12.5 

43.6 

316 

Miscellaneous Power Plant 
Equipment 


3.4 

0.7 

0.5 

4.6 

317 

MHO Topping Cycle 

377.5 

55.3 

51.8 

38.9 

523.5 

350 

Transmission Plant 


6.4 

0.1 

0.1 

6.6 


FIELD CONSTRUCTION COST 

491.2 

164.4 

137.6 

103.3 

896.5 


Engineering Services - - - - 





60.8 


Contingency -------- 


"■ — — . « 



150 .'3 


Oxygen Plant -------- 





33.0 


Other Costs - Escalation and 
Interest during Construction 





131.1 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1271.7 


H-1 






































1 


PLAtrr CAPITAL COST ESTIMATE SUMMARY 
(Mid 1978 Dollars x 10®) 

Case ^*2 

(Primary Change From Reference Case; Air) 


Account 


Major 


Inst . 

Indlr. 

Total 

No. 

Account Descrlpcion 

Equipment 

BOP 


Cost 

Cost 

311 

Structures and Imorovement 

- 

34.9 

31.3 

23.4 

89.6 

312 

Boiler Plant Equipment 

88.7 

19.4 

22.8 

17.1 

148.0 

314 

Turbogenerator UOlts 

29.2 

32.8 

16.2 

12.2 

90.4 

315 

Accessory Electrical 
Equipment 

- 

12.1 

16.2 

12.2 

40.5 

316 

Miscellaneous Power Plant 
Equipment 

- 

3.5 

0.7 

0.5 

4.7 

317 

MUD Topping Cycle 

410.0 

61.6 

57.9 

43.4 

572.9 

350 

Transmission Plant 

- 

6.5 

0.1 

0.1 

6.7 


FIELD CONSTRUCTION COST 

527.9 

170.8 

145.2 

108.9 

952.8 


Engineering Services 





63.7 


Contingency -------- 





161. -4 


Oxygen Plant -- 






NA 


Other Costs - Escalation and 
Interest during Construction 

mm mm i 




135.4 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1313.3 




H-3 


PLANT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10®) 

Case 1«3 

(Primary Change From Reference Case; 7X) 


Account 


Major 


Inst. 

Indlr. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Imorovement 

- 

35.8 

31.4 

23.6 

90.8 

312 

Boiler Plant Equipment 

83.9 

17.8 

21.1 

15.8 

138.6 

314 

Turbogenerator Units 

27.0 

30.7 

15.2 

11.4 

84.3 

315 

Accessory Electrical 
Equipment 

- 

14.5 

16.7 

12.5 

43.7 

316 

Miscellaneous Power Plant 
Equipment 

- 

3.3 

0.7 

0.5 

4.5 

317 

MHD Topping Cycle 

465.6 

56.6 

53.1 

39.8 

615.1 

350 

Transmission Plant 


6.5 

0.1 

0.1 

6.7 


FIELD CONSTRUCTION COST 

576.5 

165.2 

138.3 

103.7 

983.7 


Engineering Services — - ~ 





61.1 


Contingency -------- 


. 




168.2 


Oxygen Plant -------- 






33.0 


Other Costs - Escalation and 
Interest during Construction 






143.3 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1389.3 


H-4 


PLANT capital COST ESTIMATS SUMMARY 


Ottd 1978 Dollar* x 10®) 

Casa 1*^ 

(Primary Change From Reference Case: Single Stage) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 

- 

35.4 

31.3 

23.5 

90.2 

312 

Boiler Plant Equipment 

86.9 

18.1 

21.7 

16.2 

142.9 

314 

Turbogenerator Ihilts 

27.9 

31.3 

15.5 

11.6 

86.3 

315 

Accessory Electrical 
Equipment 

- 

14.4 

16,7 

12.5 

43.6 

316 

ItLscellaneous Power Plant 
Equipment 

- 

3.4 

0.7 

0.5 

4.6 

317 

IflD Topping Cycle 

374.9 

55.3 

51.8 

38.8 

520.8 

350 

Transmission Plant 

- 

6.5 

0.1 

0.1 

6.7 


FIELD CONSTRDCTIOT COST 

489.7 

164.4 

137.8 

103.2 

895.1 


Engineering Services - - - - 





60.8 


Contingency 




t mm mm mm 

149.9- 


Oxygen Plant - -- — - - - 






33.0 


Other Costs - Escalation and 
Interest during Construction 




> V M 

130.9 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1269.7 


H -5 



PLAMT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10^) 

Case l*^e 

(Primary Change From Reference Case: Slag Rejection) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures aad Imorovement 

- 

35.1 

31.2 

23.4 

89.7 

312 

Boiler Plant Equipment 

85.6 

18.1 

21.5 

16.1 

141.3 

314 

Turbogenerator Units 

28.6 

31.8 

15.8 

11.8 

88.0 

315 

Accessory Electrical 
Equipment 

- 

14.3 

16.7 

12.5 

43.5 

316 

Miscellaneous Power Plant 
Equipment 

- 

3.4 

0.7 

0.5 

4.6 

317 

MHD Topping Cycle 

370.2 

55.1 

51.6 

38.7 

515.6 

350 

Transmission Plant 

- 

6.4 

0.1 

0.1 

6.6 


FIELD CONSTRUCTION COST 

484.4 

164.2 

137.6 

103.1 

889.3 


Engineering Services - - - - 





60.7 


Contingency -------- 





148.8 


Oxygen Plant - 


— 





33.0 


Other Costs - Escalation and 
Interest during Construction 







130.1 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1261.9 


PLAWT CAPnAL COST ESTIMATE SUMMARY 
(Kid 1978 DolUrs x 10^) 

Cm« 2.0 

(Priaary Change Proa Rafcranca Caaat Bafaranca) 


Account Daacrlptlon 


Strueturas and Zaorovanant 

Bollar Plant Equipnant 

Tuxboganarator Uhlta 

Accaaaory Electrical 
Equlpaant 

Klacallaneoua Power Plant 
Equlpaant 

MHD Topping Cycla 

Tranaalaslon Plant 


Major 

Equipment 

BOP 

Inat. 

Coat 

Indlr. 

Cost 

Total 

Cost 

1 

1 

35.3 

31.6 

23.7 

90.6 

83.3 

14.3 

13.4 

10.1 

121.1 


13.2 I 16.5 I 12.4 


395.3 50.3 44.8 33.6 524.0 


FIELD CONSTRUCTKXT COST 


507.1 152.7 121.8 91.4 873.0 


Engineering Sarvlcaa - - - - 

Contingency -------- 

Oxygen Plant. - -- -- -- - 

Other Costs - Escalation and 
Interest during Construction 


54.9 


147;l 


NA 


123.6 


TOTAL ESTIMATED 
CONSTRUCTED COST 


1198.6 































































FLANT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10^) 

Csss 2.0s 

(Primary Changa From Rafarancs Casa: S^PMB + Coal) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

311 

Structures and Zmorovemant 

— 

32.7 

29.5 

22.1 

84.3 

312 

Boiler Plant Equipment 

75.6 

13.8 

12.6 

9.4 

111.4 

314 

Turbogenerator Units 

26.2 

27.2 

13.6 

10.2 

77.2 

313 

Accessory Electrical 
Equipment 


13.2 

16.5 

12.4 

42.1 

316 

Miscellaneous Power Plant 
Equipment 


2.6 

0.5 

0.4 

3.5 

317 

MHD Topping Cycle 

418.2 

51.8 

47.5 

35.6 

553.1 

350 

Transmission Plant 

— 

6.6 

0.1 

0.1 

6.8 


FIELD CONSTRUCTION COST 

! 

520.0 

147.9 

120.3 

90.2 

878.4 


Engineering Services - - - - 





53.8 


Contingency -------- 





150 15 


Oxygen Plant 






NA 


Ocher Costs - Escalation and 
Interest during Construction 





r W M « 

124.5 


TOTAL ESTIliATED 
CONSTRUCTED COST 





1207.2 


H-9 


I 


PLANT CAPITAL COST ESTIMATE SUMMARY 


(Kid 1978 Dollars x 10°) 


Casa 2.0b 


(Primary Change From Reference Case: S^MB + SPMB) 


Account 

No. 


Account Description 




Major 


Total 

Cost 




































PLANT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10®) 

Case 2.1 

(Primary Change From Reference Case: 16) 


Account 


Major 


Inst. 

Indlr. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Imorovement 

— 

35.6 

31.6 

23.7 

90.9 

312 

Boiler Plant Equipment 

84.1 

14.3 

13.4 

10.1 

121.9 

314 

Turbogenerator Units 

28.7 

30.1 

15.0 

11.3 

85.1 

315 

Accessory Electrical 
Equipment 

— 

13.1 

16.5 

12.3 

41.9 

316 

Miscellaneous Power Plant 
Equipment 


2.9 

0.6 

0.5 

4.0 

317 

MHD Topping Cycle 

398.8 

48.2 

43.1 

32.3 

522.4 

350 

Transmission Plant 

— 

7.2 

0.1 

0.1 

7.4 


FIELD CONSTRUCTION COST 

511.6 

151.4 

120.3 

90.3 

873.6 


Engineering Services ~ “ 





54.3 


Contingency -------- 







146.9 


Oxygen Plant ----- 





• 

NA 


Other Costs - Escalation and 
Interest during Construction 






123.6 


TOTAL ESTIMATED 
CONSTRUCTED COST 




! 

1198.4 


H-11 


PLANT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10®) 


Case 2 . 2 

(Primary Change From Reference Case: Two-Stage Cyclone, 

Hot Bottom HTAH) 


Account 


Major 


Inst. 

Indir. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Imorovement 


33.3 

29.7 

22.2 

85.2 

312 

Boiler Plant Equipment 

76.2 

13.6 

12.5 

9.4 

111.7 

314 

Turbog^enerator Units 

26.0 

27.3 

13.6 

10.2 

77.1 

315 

Accessory Electrical 
Equipment 


13.1 

16.5 

12.3 

41 .i 

316 

Miscellaneous Power Plant 
Equipment 


2.7 

0.5 

0.4 

3.6 

317 

MHD Topping Cycle 

360.4 

46.8 

41.7 

31.3 

480.2 

350 

Transmission Plant 

— 

6.6 

0.1 

0.1 

6.8 


FIELD CONSTRUCTION COST 

i 

462.6 

143.4 

114.6 

85.9 

806.5 


Engineering Services - - - - 





51.6 


Contingency 



— 


135.6 


Oxygen Plant -- 






NA 


Other Costs - Escalation and 
Interest during Construction 





114.3 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1108.0 


PLANT CAPITAL COST ESTIMATE SimARY 


(Mid 1978 Dollars x 10^) 

Casa 2.2a 

(Primary Change From Reference Case: Two-Stage Cyclone) 


Account 


Major 


Inst e 

Indlr. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Imnrovement 

— 

35.1 

31.4 

23.6 

90.1 

312 

Boiler Plant Equipment 

84.1 

14.4 

13.5 

10.1 

122.1 

314 

Turboganerator Units 

28.8 

29.9 

14.9 

11.2 

84.8 

315 

Accessory Electrical 
Equipment 


13.2 

16.5 

12.4 

42^1 

316 

Miscellaneous Power Plant 
Equipment 


2.9 

0.6 

0.5 

4.0 

317 

MHD Topping Cycle 

400.8 

50.3 

44.8 

33.6 

529.5 

350 

Transmission Plant 

— 

7.0 

0.1 

0.1 

7.2 


FIELD CONSTRUCTION COST 

513.7 

152.8 

j 

121.8 

91.5 

879.8 


Engineering Services - - - - 





54.9 


Contingency -------- 






148.4 


Oxygen Plant -------- 






• - - - - 

NA 


Other Costs - Escalation and 
Interest during Construction 


V M MB M S 



124.6 


TOTAL ESTIMATED 
COISTRUCTED COST 





1207.7 


H-13 


PLANT CAPITAL COST ESTIMATE SUMMARY 


Account 

No. 

311 

312 

314 

315 

316 

317 
350 


(Mid 1978 Dollar* x 10®) 

Casa 2.4 

(Primary Change From Reference Case: NASA Specification) 


Account Descrlotion 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

Structures and Imnrovement 

Boiler Plant Equipment 

Turbogenerator Units 

Accessory Electrical 
Equipment 

Miscellaneous Power Plant 
Equipment 

MHD Topping Cycle 

Transmission Plant 

FIELD CONSTRUCTION COST 

— 

35.1 

31.4 

23.6 

90.1 

83.8 

14.4 

13.5 

10.1 

121.8 

28.0 

29.8 

14.9 

11.2 

83.9 


12.0 

16.2 

12.2 

40.4 


2.9 

0.6 

0.4 

3.9 

384.6 

49.7 

44.1 

33.1 

511.5 

— 

7.0 

0.1 

0.1 

7.2 

496.4 

150.9 

120.8 

90.7 

858.8 

Engineering Services ~ - 

Contingency - 

Oxygen Plant 

Other Costs - Escalation and 
Interest during Construction 

TOTAL ESTIMATED 
CONSTRUCTED COST 


54,4 

144.4 

NA 

121.6 

1179.2 


PLANT CAPITAL COST ESTIMATE SUMMARY 


(KLd 1978 Dollars x 10^) 

Cssa 2 .4a 

(Prlnary Changa Proa Referenca Casa: GE Recalculation) 


Account 


Major 


Inst. 

Indlr. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Inorovement 

- 

35.1 

31.5 

23.6 

90.2 

312 

Boiler Plant Equlpoent 

83.9 

14.4 

13.5 

10.1 

121.9 

314 

Turbogenerator Units 

29.0 

29.8 

14.9 

11.2 

84.9 

315 

Accessory Electrical 
Equipment 

- 

13.3 

16.5 

12.4 

'42.2 

316 

Miscellaneous Power Plant 
Equipment 

- 

2.9 

0.6 

0.5 

4.0 

317 

MHD Topping Cycle 

383.9 

50.0 

44.3 

33.2 

511.4 

350 

Transmission Plant 

- 

7.1 

0.1 

0.1 

7.3 


FIELD CONSTRUCTION COST 

496.8 

152.6 

121.4 

91.1 

861.9 


Engineering Services - - - - 


mm « a 



. SA-ft 


Contingency - -- -- -- - 





144.7 


Oxygen Plaiit - -- -- -- - 


» W M 4 



NA 


Other Costs - Escalation and 
Interest during Construction 





122.1 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1183.5 


H-15 


PLAJTT CAPITAL COST ESTIMATE SUMMARY 



Account Description 


Structures and Imorovement 

Boiler Plant Equipment 

Turbogenerator Units 

Accessory Electrical 
Equipment 

Miscellaneous Power Plant 
Equipment 

too Topping Cycle 

Transmission Plant 


FIELD CONSTRUCTION COST 483.3 



31.9 

23.9 

13.1 

9.8 

14.3 

10.7 

16.5 

12.3 

0.6 

0.4 

43.5 

32.7 

0.1 

0.1 

120.0 

89.9 


91.9 


117.6 


80.7 


•41.9 



501.1 



Engineering Services — 

Contingency 

Oxygen Plant 

Other Costs - Escalation and 
Interest during Construction 


54.2 


141; 9 


NA 


119.7 


TOTAL ESTIMATED 
CONSTRUCTED COST 


1160.2 






































































































































PLASrr CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10^) 

Case 2.11 

(Priaary Change Proa Reference Case: 2000 Mtft) 


Account 


Major 


Inst. 

Indlr. 

Total 

No. 

Account Description 

Equipment 

BOP 

Cost 

Cost 

Cost 

311 

Structures and Imorovaaent 

- 

25.2 

23.2 

17.4 

65.8 

312 

Boiler Plant Equlpaent 

61.1 

■10.8 

10.1 

7.6 

89.6 

314 

Turbogenerator Units 

22.6 

21.6 

10.8 

8.1 

63.1 

315 

Accessory Electrical 
Equlpaent 

- 

11.7 

16.1 

12.1 

39.9 

316 

Miscellaneous Power Plant 
Equlpaent 

- 

2.1 

0.4 

0.3 

2.8 

317 

lOD Topping Cycle 

299.2 

36.9 

34.8 

26.1 

397.0 

350 

Transaisslon Plant 

- 

5.0 

0.1 

0.1 

5.2 


FIELD GONSTRUCTIGN COST 

382.9 

113.3 

95.5 

71.7 

663.4 


Engineering Services - - - - 





42.1 


Contingency -------- 


- 




111. -7 


Oxygen Plant -------- 


— 




NA 


Other Costs - Escalation and 
Interest during Construction 






94.0 


TOTAL ESTIMATED 
COKSTBUCTED COST 





911.2 




H-20 


PLAST CAPITAL COST ESTIMATE SUMMARY 
(Mid 1978 Dollar* x 10^) 

Cm« 2.11a 

(Prlaary Change From Reference Case: Slag Rejection) 


Account Description 


Structures and Zmoroveaent 

Boiler Plant Equipment 

Turbogenerator Units 

Accessory Electrical 
Equipment 

Miscellaneous Power Plant 
Equipment 

!fiD Topping Cycle 

Transmission Plant 

FIELD CONSTRUCTION COST 


Major 



297.1 


BOP 

Inst. 

Cost 

24.9 

23.0 

10.9 

10.2 

22.0 

11.0 

11.7 

16.1 

2.1 

0.4 

37.1 

34.9 


113.7 

95.7 


Indir. 

Cost 


Total 

Cost 



Engineering Services ~ ~ ~ ■ 

Contingency - - - r- 

Oxygen Plant - -- -- -- - 

Other Costs - Escalation and 
Interest during Construction 


42.2 


111 .6 


NA 



TOTAL ESTIMATED 
CONSTRUCTED COST 
































































PLAWT CAPITAL COSY ESTIHATE SUMMARY 


(Mid 1978 Dollars x 10^) 

Casa 2.15 

(Prlnary Change From Reference Case: Dual Flow Train) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 

- 

50.1 

42.5 

31.9 

124.5 

312 

Boiler Plant Equipment 

83.3 

14.3 

13.4 

10.1 

121.1 

314 

Turbogenerator Units 

28.5 

29.6 

14.8 

11.1 

34.0 

315 

Accessory Electrical 
Equipment 

- 

13.2 

16.5 

12.4 

42.1 

316 

Miscellaneous Power Plant 
Equlpnant 

- 

2.9 

0'.;6 

0.4 

3.9 

317 

MHD Topping Cycle 

559.9 

78.1 

65.4 

49.1 

752.5 

350 

Transmission Plant 


7.1 

0.1 

0.1 

7.3 


FIELD C0NSTRUCTI(»f COST 

671.7 

195.3 

153.3 

115.1 

1135.4 


Engineering Services - - - - 




» M 

69.6 


Contingency -------- 





198.6 


Oxygen Plant 






NA 


Other Costs - Escalation and 
Interest during Construction 


B a M w a 

W M W M 


161.4 


TOTAL ESTIMATED 

constructed cost 





1565.0 


PIAN7 CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10®) 

Casa 2.16 

(Primary Change From Reference Case: Hot Bottom HTAH, 4 kV/m) 


Account 

No. 

Account Description 

Major 

EqulpTsent 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 

- 

34.4 

30.2 

22.7 

87.3 

312 

Boiler Plant Equipment 

73.7 

13.3 

12.2 

9.1 

108.3 

314 

Turbogenerator Units 

24.5 

26.3 

13.2 

9.9 

73.9 

315 

Accessory Electrical 
Equipment 

- 

13.0 

16.4 

12.3 

41.7 

316 

Miscellaneous Power Plant 
Equipment 

- 

2.6 

0.5 

0.4 

3.5 

317 

MHD Topping Cycle 

333.0 

46.0 

40.5 

30.4 

449.9 

350 

Transmission Plant 

- 

6.8 

0.1 

0.1 

7.0 


FIELD CONSTRUCTION COST 

431.2 

142.4 

113.1 

84.9 

771.6 


Engineering Services - - - - 





51.1 


Coatingency --------- 






129; 0 


Oxygen Plant -------- 







NA 


Other Costs - Escalation and 
Interest during Construction 


1* • 

^ 


109.5 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1061.2 


H-24 


PLANT CAPITAL COST ESTIMATE SUMMARY 


(Kid 1978 Dollars x 10^) 

Casa 2.16a 

(Primary Change From Reference Case: Hot Bottom HTAH, 6 - 5 T) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

311 

Structurts and Imorovement 

- 

33.6 

29.8 

22.3 

85.7 

312 

Boiler Plant Equipment 

75.3 

13.5 

12.4 

9.3 

110.5 

314 

Turbogenerator Units 

25.7 

27.0 

13.5 

10.1 

76.3 

315 

Accessory Electrical 
Equipment 

- 

13.1 

16.5 

12.3 

•41.9 

316 

Miscellaneous Power Plant 
Equipment 

- 

2.6 

0.5 

0.4 

3.5 

317 

MID Topping Cycle 

329.6 

46.1 

40.6 

30.4 

446.7 

350 

Transmission Plant 

- 

6.7 

0.1 

0.1 

6.9 


FIELD CONSTRUCTKXI COST 

430.$ 

142.6 

113.4 

84.9 

771.5 


Engineering Services - - - - 





51.1 


Contingency -------- 







128.7 


Oxygen Plant -------- 




- 


NA 


Other Costs - Escalation and 
Interest during Construction 






109.4 


TOTAL ESTIMATED 
constructed COST 





1060.7 


H-25 


PLANT CAPITAL COST ESTIMATE SCMMAW 


(KLd 1978 DolUrs x 10^) 

Cm* 2.16b 

(Primary Change From Reference Case: Cold Bottom HTAH, 4 kV/m) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 

- 

36.0 

31.8 

23.8 

91.6 

312 

Boiler Plant Equipment 

81.0 

14.1 

13.1 

9.9 

118.1 

314 

Turbogenerator Units 

27.0 

28.7 

14.4 

10.8 

80.9 

315 

Accessory Electrical 
Equipment 

- 

13.1 

16.5 

12.3 

41.9 

316 

Miscellaneous Power Plant 
Equipment 

- 

2.8 

0.6 

0.4 

3.8 

317 

MHD Topping Cycle 

398.1 

50.0 

44.7 

33.5 

526.3 

350 

Transnussion Plant 

- 

7.2 

0.1 

0.1 

7.4 


! 

FIELD construction COST 

506.1 

151.9 

121.2 

90.8 

870.0 


Engineering Services - - - - 





54.6 


Contingency -------- 







147.0 


Oxygen Plant -------- 





NA 


Other Costs - Escalation and 
Interest during Construction 


M •• 



123.2 


TOTAI. ESTIMATED 
CONSTRUCTED COST 




1 

1 

1194.8 


plant capital g)ST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10^} 

Css* 2.17 

(Primary Change From Reference Case: CAPFB Air Heater Combustor) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indir. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 


36.1 

32.3 

24.2 

92.6 

312 

Boiler Plant Equipment 

80.9 

14.5 

13.6 

10.2 

119.2 

314 

Turbogenerator Units 

29.3 

30.7 

15.4 

11.5 

86.9 

315 

Accessory Electrical 
Equipment 

- 

13.3 

16.5 

12.4 

42.2 

316 

Klacellaneous Power Plant 
Equipment 

- 

3.0 

0.6 

0.5 

4.1 

317 

MHD Topping Cycle 

381.9 

51.0 

44.9 

33.7 

511.5 

350 

Transmission Plant 

_ 

7.2 

0.1 

0.1 

7.4 


FIELD CONSTRUCTION COST 

492.1 

155.8 

123.4 

92.6 

863.9 


Engineering Services - 





55.8 


Contingency 


• - - - . 



145.1 


Oxygen Plant 

Ocher Costs - Escalation and 
Interest during Construction 

TOTAL ESTIMATED 
CONSTRUCTED COST 






! 

i 

NA 

122.5 

1187.3 


H-27 




































































































PLANT CAPITAL COST ESTIMATE SUMMARY 


(Mid 1978 Dollars x 10^) 

Casa 3.2 

(Primary Change From Reference Case: Two-Stage Cyclone) 


Account 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

311 

Structures and Imorovement 


34.8 

30.7 

23.0 

88.5 

3U 

Boiler Plant Equipment 

72.9 

16.4 

21.9 

16.4 

127.6 

314 

Turbogenerator Units 

27.4 

28.5 

14.3 

10.7 

80.9 

315 

Accessory Electrical 
Equipment 

- 

19.9 

18.0 

13.5 

'51.4 

316 

Miscellaneous Power Plant 
Equipamnt 

- 

3.3 

0.7 

0.5 

4.5 

317 

MHD Topping Cycle 

233.3 

30.5 

36.4 

27.3 

327.5 

350 

Transmission Plant 

- 

6.4 

0.1 

0.1 

6.6 


FIELD CONSTRUCTION COST 

333.6 

139.8 

122.1 

91.5 

687.0 


Engineering Services - - - - 





53.0 


Contingency -------- 






108.1 


Oxygen Plant -------- 




. - ^ • 

85.6 


Other Costs - Escalation and 
Interest during Construction 




• M W * 

107.4 


TOTAL ESTIMATED 
CONSTRUCTED COST 





1041.1 


PLANT CAPITAL COST ESTIMATE SUMMARY 
(Mid 1978 Dollars x 10^) 

Csss 3 . 4 

(Prlnsry Chsngs From Rsfsrence Cass: 1100 F Air) 


Account Dsscriotlon 


Structures and Imorovement 

Boiler Plant Equipment 

Turbogenerator Units 

Accessory Electrical 
Equipment 

Miscellaneous Power Plant 
Equipment 

MHD Topping Cycle 

Transmission Plant 

FIELD CONSTRUCTION COST 

Engineering Services - - - - 

Contingency -------- 

Oxygen Plant ----- - 

Other Costs - Escalation and 
Interest during Construction 


Major 




BOP 

Inst. 

Cost 

Indir. 

Cost 

34.8 

31.0 

23.2 

17.0 

22.6 

16.9 

29.7 

14.9 

11.2 

20.0 

18.0 

13.5 

3.5 

0.7 

0.5 

31.0 

36.9 

27.7 

6.5 

0.1 ’ 

0.1 

142.5 

i 

124.2 

93.1 


Total 

Cost 


89.0 


1 2.5 


321.9 


6 . 


691.0 


53.9 


108.1 


87.0 


108.1 


TOTAL estimated 
CCWSTRUCTED COST 


1048.1 




































PLAHT CAPITAL COST ESTIMATE SPMMAHY 


(Mid 1978 DolUrs x 10^) 

Cas« 3*5 

(Prlaary Giangc Froa Rafcrcnct Case: 8T) 


Aeeouae 

No. 

Account Description 

Major 

Equipment 

BOP 

Inst. 

Cost 

Indlr. 

Cost 

Total 

Cost 

3U 

Structures and Imorovenent 

- 

35.8 

31.1 

23.3 

90.2 

312 

Boiler Plant Equipment 

70.2 

16.1 

21.3 

16.0 

123.6 

314 

turbogenerator inilts 

25.8 

27.4 

13.7 

10.3 

77.2 

315 

Accessory Electrical 
Equipment 

- 

19.9 

18.0 

13.5 

51.4 

316 

Miscellaneous Power Plant 
Equipment 

- 

3.2 

0.7 

0.5 

4.4 

317 

lOD Topping Cycle 

398.2 

32.5 

50.0 

37.5 

518.2 

350 

Transmission Plant 

- 

6.6 

0.1 

0.1 

6.8 


FIELD CONSTRUCTION COST 

494.2 

141.5 

134.9 

101.2 

871.8 


Engineering Services - - - - 





56.6 


Contingency - -- -- -- - 






146.4 


Oxygen Plant - -- -- -- - 






85.6 


Other Costs - Escalation and 
Interest during Construction 


M S • 


> « M ^ 

133.5 


TOTAL ESTIMATED 
CONSTKJCTED COST 





1293.9 


H-33 


APPENDIX I 

SCALING OF MAGNET SIZE AND COST: 


DETAILS AND EXAMPLE 


APPENDIX I 

SCALING OF MAGNET SIZE AND COST: DETAILS AND EXAMPLE 

This brief effort was based on the scale-up of the AVCO BL6-P1 design. 

Figure I-l, since that was one of the few design concepts scaled for base load size 

at the tine of the study. The BL6 configuration was assumed for all cases and 
materials and current density were unchanged except for the superconductor for the 
8 Tesla case. Sunnary tables and the general procedure for estimating magnet 
size and cost were given in Section 3.4. Additional details and an example are 
presented here. Table I-l lists basic size data for the reference magnet and 
the four cases considered. 

For magnets of the size of interest for PSPEC, the cost of superstructure 
can be expected to be one of the greatest single cost items. Superstructure 
weight and cost are influenced by many design parameters, as shown in Figure 1-2. 
For the main section of the magnet and for the same material.^ the ring girder 
weight can be expected to scale as the product of magnet length, girder cross- 
section area and mean radius from warm bore axis to the ring girder. The 
selected girder can be expected to have a cross-section area which is scaled by 
some power less than unity (typically about 0.7) of the required section modulus. 
The section modulus of the ring girder, in turn, can be expected to scale 
approximately as the square of the product of magnetic field and magnet radius. 

When scaling from a given design, however, it must be recognized that that design 
may have a superstructure which is not optimally designed over the entire length 
of the magnet. 

The mass of the conductor and the substructure for the main section of the 
magnet are expected to scale as the product of the magnet length, the build of 
the winding, and the BMS radius from the magnet center axis to the winding. The 
build ratio is determined by the ampere turns required to produce the required 
field for a warm bore of a given diameter. 

The outer vacuum jacket cylinder walls are expected to scale as the 
product of the magnet length and the outside diameter of the magnet structure. The 
end sections of the vacuum jacket can be expected to scale as the square of that 
outer diameter. 

Figure 1-3 shows a numerical exanqtle, for Case 2.2, of the scaling procedure 
used. Note that in one of the other cases (Case 2.10), the principle items of 
mass were unchanged from the BL6-P1 reference even though the magnet dimensions 
were significantly different. In this particular case the product of certain 
scaling factors was found to be unity, even though some of these individual 
factors were greater than or smaller than unity. 


I-l 



Figure I-l. Conceptual Design, 6 T Superconducting Circular Saddle Coil 
Magnet, Base-Load Size, Design BL6-1 




Basic Size Data for PSPBC Magnets Coapared to BL6-P1 Beference 






Figure 1-2. A -Rationale for Sup -structure Scaling 



A SCALING EXAfIPLE 
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Figure I-3f. 
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NASA SPECIFIED CODE OF ACCOUNTS 
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APPENDIX J 

NASA SPECIFIED CODE OF ACCOUNTS 

Estlsat* FoTMtt Guidelines 
end Modified FPC Code of Accounts 





ETF 

ESTIMATE 

FORMAT 








ACCT NO. 

ACCOUNT 

DESCRIPTION 

UNIT 

QUANTITY 

if 

COST 

BOP 

INST 

COST 

INDIR 

COST 

CONTIN 

TOTAL 

COST 

i 



Direct Accounts 
(see attachment B) 

SUBTOTALS 

ENGINEERING SERVICES 

OTHER COSTS 

TOTAL ESTIM4TED COSTS 

XX 

xxxx 

XXXX 

xxxx 

xxxx 

xxxx 

xxxx 

xxxx 

xxxx 

XXXX 

xxxx 

xxxx 

XXXX 

xxxx 

xxxx 

XXXX 

xxxx 

xxxx 

xxxx 

XXXX 

XXXX 

XXXX 

xxxx 

xxxx 

xxxx 

i 

I 


NOTES 

1. Cost basis 1978 1/2 dollars. 

2. Costs should ba shown In thousands of dollars. 

3. UNIT - Unit of aeasure for each account. 

4. QUANTITY - Quantity for each account based on the unit of neasure. 

5. MATERIAL COST - Total aaterial cost for each account. 

MJR COMP - Total aajor conponent aaterial cost delivered to the site for each 
account. Major components are those aajor purchased items which 
are engineered* designed* fabricated* shipped* and in some cases 
erected by one supplier or manufacturer. 

BOP - Total balance of plant materials cost delivered to the site for each 

account. BOP isatarials are those items normally designed and purchased 
by an Architect - Engineer. 

6. INST COST - Total direct installation cost for each account. Provide as part 

of the estiswte backup a breakdown of those items included in the 
•installation cost. 

7. INDIR COST - Total indirect conatructlon cost for each account. Provide as 

part of the estimate backup a breakdown of those items included 
In indirect construction cost and the procedure used in applying 
that cost to the estimate. 

8. CONTIN - Total contingency cost for each account. Provide as part of the 

estimate backup the basis for the contingency costs' and .the pro- 
cedure used in applying those costs to the estimate. 

9. TOTAL COST ~ Total of all material* installation* indirect and contingency 

costs for each account. 


J-l 





T 




10. ENGINEERING SERVICES - Total cost of all professional services. Provide as 

part of the estimate backup the basis for the engineer- 
ing services cost and procedure used in applying that 
cost to the estimate. 

11. OTHER COSTS - Total of other costs. Provide as part of the estimate backup 

a breakdown of those items included in other costs and the pro- 
cedure in applying that cost to the estimate. 

ETF CODE OF ACCOUNTS 


ACCT NO. DESCRIPTION 


310 


Land and Land Rights 

311 

(1) 

Structures and Improvements 

311.1 


Improvements to Site 

311.2 


Main Building 

311.3 


Steam Turbine Building 

311.4 


Coal Bunker/Processing Area 

311.5 

(2) 

Service Buildings 

311.6 

(3) 

Other Buildltigs and Structures 

312 


Boiler Plant Equipment 

312.1 

(4) 

Coal Handling and Processing 

312.2 

(5) 

Slag and Ash Handling 

312.3 


Radiant Section 

312.4 

(6) 

Steam Generator Sections 

312.5 

(7) 

Effluent Control 

312.6 


Auxiliary Boiler Systems 

312.7 

(8) 

Other Boiler Plant Systems 

313 

(9) 

Engines and Engine Driven Generators 

314 


Turbogenerator Units 

314.1 


Steam Turbine Generator and Auxiliaries 

314.2 


Condenser and Auxiliaries 

314.3 

(10) 

Circulating Water System 

314.4 

(11) 

Steam Piping Systems 

314.5 


Other Turbine Plant Equipment 

315 

(12) 

Accessory Electric Equipment 

316 

(13) 

Miscellaneous Power Plant Equipment 


J-2 







317 


MHD Topping Cycle Equipment 

317.1 

(14) 

Co^ustion Equipment 

317.2 

(15) 

MHD Generator Subsystem 

317.3 

(16) 

Magnet Subsystem 

317.4 

(17) 

Inverters and Electrode Control 

317.5 

(18) 

Oxidizer Preheater Subsystem 

317.6 

(19) 

Seed Subsystem 

317.7 

(20) 

Other Major MHD Topping Cycle Support Subsystems 

317.8 


Miscellaneous MHD Topping Cycle Support Equlpswnt 

318 

(21) 

Research Equipment 

319 

(22) 

Simulation Equipment 

350 

(23) 

Transmission Plant 


ETF CODE OF ACCOUNTS 
GENERAL NOTES 

A. The modified FFC "ETF Code of Accounts" and these notes should be used as a 
guide in developing and utilizing the final code of accounts for the ETF cost 
estimate. 

B. These notes should be used as a guide In subdividing accounts and additional 
subaccounts Included in order to more accurately define the cost of the plant. 
Individual subaccounts should be included for each major component or sub- 
system. 

C. If the total cost of an account or subaccount is greater than 5 % of the total 
estimated plant cost the account or subaccount should be subdivided into its 
next lower level of detail. 

D. Individual component or subsystem foundations* structural steel supports* ac- 
cess platforms* etc. should not be Included in account 311* but are to be in- 
cluded as part of the BOP material cost and installation cost for the com- 
ponent or subsystem. 

E. All piping; ducting; and electrical* mechanical and Instrumentation and control 
equipment within a subsystem should be included in the cost of the subsystem. 

SPECIFIC NOTES 

1. Subdivide the building accounts into subaccounts for each individual building 
or major building area. (Example: If subaccount 311.2 Main Building includes 

the heater* MHD* cryogenic system* invertor and control buildings provide separate 
subaccounts under 311.2 for each of these buildings.) All building services 
should be included in the cost of the building. 


2. Includes all office, shop, warehouse and maintenance buildings. Include, a 
subaccount for each building provided. 

3. Includes all miscellaneous buildings such as the water treatment or seed sys- 
tem buildings. Include a subaccount for each building provided. 

4. Includes all equipment from the initial coal unloading point up to and includ- 
ing coal storage prior to final preparation (final preparation includes drying 
and pulverizing) . 

5. Includes all equipment from the initial collection equipment up to the storage 
area. 

6. Include subaccount for each major steam generator section (examples; super- 
heater , reheater , economizer , etc . ) . 

7. Includes all equipment from the steam generator outlet up to and including the 
chimney, with subaccounts for each seed and/or cleanup subsystem, and the 
chimney . 

8. Include subaccounts for the condensate system, boiler feedwater system, con- 
densate pumps, boiler feed pumps, boiler plant related water treatment equip- 
ment and the secondary air system. 

9. Do not use account 313. 

10. Include a subaccount for the cooling towers. 

11. Include a subaccount for each of the major steam systems (examples: main 
steam, hot and cold reheat steam, extraction steam and bypass steam systems). 

12. Includes all accessory electric equipment such as the equipment from the MHD 
power conditioning equipment and steam turbine generator up to the main trans- 
formers, emergency or standby equipment, and wire and cable systems. 

13. Includes all equipment and subsystems not otherwise identified (examples: fire 

protection system, station maintenance equipment, fuel oil system, etc.). 

14. Includes all final coal preparation equipment not included in account 312.1, 
the combustor, all coal injection equipment, and initial slag collection 
equipment at the combustor. 

15. Include subaccounts for the nozzle, generator channel, and diffuser. 

16. Include a subaccount for the magnet and each support system. 

17. Includes all power conditioning and electrode control equipment. 

18. Includes all equipment from the outside inlet through the delivery piping to 
the combustor; including the main air compressors, air compressor drives, low 
temperature air heaters, high temperature air heaters and hot gas piping. 


19. Includes all s«ed unloading, storage, preparation. Injection, transport, separa- 
tion, and reprocessing subsystems and equipment. 

20. Includes all other major support subsystems such as an oxygen system or a coal 
gasification system. Include a specific subaccount for each major support 
subsystem subdivided Into Its major components and subsystems. 

21. Includes all equipment or subsystoas provided specifically for research pur- 
poses (exaaq>le: Instrumented generator channel). Include a subaccount for 

each major research component or subsystem. 

22. Includes all equipment or subsystems specifically provided to simulate equip- 

ment or subsystems which would normally be included In a commercial MED power 
plant (example: heat rejection equipment used to simulate a steam bottoming 

plant) . Include a subaccount for each major simulation component or subsystem. 

23. Includes all transmission plant equipment located at the facility including 
the main transformers and switchyard. 
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